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HIGH -REYNOLDS  NL'MB  ER  LIGL'ID 

flow  measurement: 


Gerald  C.  Laucnie 
Michaei  L.  Biller 
Sceven  Deursch 

Applied  Research  Laboratory,  The  Pennsylvania 
State  University,  P.0.  Box  30,  Stare  College,  PA  1680-. 

1.0  INTRODUCTION 

Liquid  flew  facilities  are  usually  categorized  as  towing  tanks,  seakeeuing  ar.o 
maneuvering  basins,  circulating  water  channels,  blownown  facilities,  and  water 
tunnels.  A  very  complete  listing  of  such  facilities  has  been  compiled  by  the  ioch 
International  Towing  Tank  Conference  c ITTCj  (1985)  and  it  includes  most  o:  the  major 
water  facilities  in  che  world.  A  description  of  new  and  planned  cavitation  facilities 
is  given  in  Holl  and  Billet  (  1987').  The  intent  of  this  chapter  is  to  discuss  che 
•■arious  experimental  techniques  used  in  hvdrodvnamic  testing  at  high  Reynolds  numDers . 
Tills  usually  irr.olies  chat  water  tunnels  or  tow  tanks  are  used.  Because  Gad-ei-Hak 
;  19171  recenclv  reviewed  tow  tank  testing,  our  emphasis  here  is  on  wacer  (or  otner 
liquid)  tunnel  measurements. 

Although,  in  principle,  a  water  tunnel  is  just  a  wind,  tunnel  filled  with  water, 
there  are  many  substantive  differences  in  their  operation  that  result  from  che 
differences  in  che  properties  of  water  and  of  air.  Water,  for  example,  is  about  800 
times  as  dense  as  air.  Since  che  stresses  associated  with  inertia  are  a  function  of 
fluid  density,  stresses  in  water  (and,  in  particular,  turbulent  stresses)  and  any 
vibration  chev  cause,  will  be  larger  by  a  factor  of  about  eight  hundred.  Thus,  to 
measure  the  statistical  characteristics  of  turbulent  fluctuating  pressure  fields,  for 
example,  a  water  flow  will  result  in  a  significantly  better  signal  level  from  the 
transducer  than  would  be  the  case  in  air. 

At  the  same  time,  che  kinematic  viscosity  of  water  is  lower  than  that  of  air  by  a 
factor  of  about  13;  hence,  a  water  tunnel  is  an  ideal  facility  in  which  to  carry  out 
high-Revnolds -number  experiments.  From  the  point  of  view  of  fluctuating- stress 
measurements,  even  at  the  same  Reynolds  numbers,  the  stresses  will  be  some  3-1/2  times 
larger  in  water  than  in  air. 

Because  the  speed  of  sound  is  about  four  and  a  half  times  greater  in  wacer  chan 
in  air,  the  Mach  number  at  a  given  velocity  is  0.22  times  that  in  air;  hence, 
compressibility  effects  are  much  smaller.  At  the  same  Reynolds  number,  che  Mach 
number  will  be  68  times  smaller  in  wacer  than  in  air;  hence,  radiation  of  sound  to  the 
farfield  from  turbulence -produced  noise  is  substantially  reduced  (since  this  radiation 
depends  on  a  high  power  of  the  Mach  number). 

Regarding  structural  excitation,  che  impedance  match  between  water  and  most 
structural  materials  (being  dependent  upon  che  product  of  density  and  the  speed  of 
sound)  is  far  better  than  that  between  air  and  most  structural  materials.  At  either 
the  same  Reynolds  number  or  at  the  same  stress  levels,  the  velocities  of  the  flows  in 


ana  water  are 


rar  cifferenr:  therefore.  me  mooes  excited  in  me  structure  will  L<_ 
juite  aifferenc.  Thus,  the  entire  proolem  or  hvaroe lastic  interaction  is  quite 
different  in  water - cunne •  operations. 

In  water  the  Prandt  numoer  is  neariv  an  order  of  magnitude  higher  man  it  is  :r. 
air.  This  means  that  in  water,  the  transport  of  heat  by  moiecuiar  motion  is  about  or. 
oraer  or  magnitude  less  effective  than  the  transport  of  momentum;  in  air  thev  are 
comparaoie.  This  maxes  some  tvpes  of  flow  visualization,  such  as  Schlieren  ana 
holograpnic  phococraphv,  and  dve  infection  much  more  effective  in  water  tunnel  cestrr.z 
than  in  wind  cunnei  testing. 

1  . 1  Typical  water  Tunnels 

The  Applied  Research  Laboratory  at  Penn  State  University  (ARL  Penn  State) 
supports  and  maintains  che  operation  of  four  (4)  water  tunnels  and  a  glycerine  tunnel. 
These  tunnels  are  used  for  both  basic  and  applied  research.  The  Garfield  Thomas.  1  22 
m  diameter  Water  Tunnel  is  the  largest  at  ARL  Penn  State  and  is  also  recognized  as  the 
largest  high-speed  water  tunnei  in  the  free  world.  Its  basic  design  and  operation  are 
discussed  bv  Lehman  (1959’).  The  test  section  of  the  1.22  m  tunnel  is  4.27  rr.  long  arc 
supports  water  velocities  of  up  to  18.3  m/s.  Figure  1  summarizes  other  physical 
features  of  this  water  tunnel.  The  next  largest  water  tunnei  at  ARL  Penn  State  :s 
schematically  described  in  Fig.  2.  Its  circular  test  section  is  0.30  m  aiam.  X  0.76  m 
long.  Also  in  use  is  a  rectangular  section  0.51  m  X  0.11  a  X  0.76  m  long.  Speeos  of 
24.4  m/s  are  achieved  in  the  0.3m  water  tunnel.  Figure  3  shows  a  schematic  of  the 
0.15  m  water  tunnel.  Its  test  section  is  0.61  m  long  and  water  speeds  of  21.3  m/s  are 
achieved.  The  fourth  water  tunnel  in  use  at  ARL  Penn  State  is  an  ultra-high  speed 
cavitation  tunnel,  Fig.  4.  Speeds  of  83.8  m/s  are  achieved  in  the  3.8  cm  diameter 
test  section.  The  facility  is  particulary  well  suited  to  cavitation  damage  research 
(Stinebring,  ec.al.,  1980)  although  some  work  on  cavitation  in  liquid  freon  has  also 
been  performed,  e.g.,  Holl,  et.al.  (1975).  Used  exclusively  for  fundamental 
turbulence  research,  the  Boundary  Layer  Research  Facility  (BLRF)  supports  fully- 
developed  turbulent  pipe  flow  of  glycerine.  Bakewell  and  Lumlev  (1967)  designed  and 
fabricated  this  highly  unique  glycerine  tunnel  (Fig.  5)  which  has  a  test  section  0.30 
m  in  diameter  X  7.6  m  long  with  a  mean  flow  velocity  of  6.1  m/s.  The  velocity  remains 
constant  and  the  Reynolds  number  is  varied  by  altering  the  viscosity  of  the  glycerine 
through  temperature  control. 

The  use  of  water  or  liquid  tunnels,  such  as  those  described  above,  in  high- 

Reynolds  number  hydrodynamics  and  hydroacoustics  research  is  the  subject  of  this 

\ 

chapter.  Five  general  areas  of  measurement  are  described:  Body  Force  Measurements. 
Boundary  Layer  Measurements,  Multiphase  Flow  Measurements,  Hydroacoustic  Measurements 
and  Internal  Flow  Measurements.  In  any  given  typical  test  program,  there  may  be  much 
overlap  among  these  various  measurements,  but  each  has  its  own  unique  set  of 
procedures.  Those  techniques,  illustrated  by  examples,  are  presented  here.  The 
chapter  represents  an  extension  of  two  previously  published  articles  on  water  tunnel 


1.22  m  WATER  TUNNEL  (Garfipld  Thomas) 


HONEYCOMBS  TEST  SECTION 


DESCRIPTION  OF  FACILITY: 

TYPE  OF  DRIVE  SYSTEM: 

TOTAL  MOTOR  POWER: 

WORKING  SECTION  MAX.  VELOCITY: 
MAX.  AND  MIN.  ABS.  PRESSURES: 

Figure  1.  The  1.22  m  Diameter 

30.5  cm  WATER  TUNNEL 


Closed  Circuit,  Closed  Jet 
4- Blade  Adjustable  Pitch  Impeller 
2000  HP  Variable  Speed  (1491  kw) 
18.29  m/s 
413.7  to  20.7  kPa 

Garfield  Thomas  Water  Tunnei 


rectangular 

WORKING  SECTION 
508,0  mm  x  114  0  mm 


DESCRIPTION  OF  FACILITY: 

TEST  SECTIONS: 

TYPE  OF  DRIVE  SYSTEM: 

TOTAL  MOTOR  POWER: 

WORKING  SECTION  MAX.  VELOCITY: 
MAX.  AND  MIN.  ABS.  PRESSURES: 


Closed  Circuit,  Closed  Jet 

I)  Circular:  304.8  mm  dia.  x  762.0  mm  long 

21  Rectangular:  508.0  mm  x  114.3  mm 
x  762.0  mm 

Mixed  Flow  Peerless  Pump 
150  HP  1111.8  kwl 
24.38  m/s 
413.7  to  20.7  kPa 


Figure  2.  The  30.5  cm  aRL  Penn  State  Water  Tunnel 


15.2  cm  WATER  TUNNEL 


8  1 0  0  mm 


DESCRIPTION  OF  FACILITY:  Closed  Circuit.  Closed  Jet 

TYPE  OF  DRIVE  SYSTEM:  Axial-Flow  Pump 

TOTAL  MOTOR  POWER:  25HP  <18.64kw) 

WORKING  SECTION  MAX.  VELOCITY:  21.34  m/s 
MAX.  AND  MIN.  A8S.  PRESSURES:  861.9  to  20.7  kPa 

Figure  3  The  15.2  cm  ARL  Penn  State  Water  Tunnel 
ULTRA-HIGH  SPEED  WATER  TUNNEL 


DESCRIPTION  OF  FACILITY:  Closed  Circuit,  Closed  Jet 

'TYPE  OF  DRIVE  SYSTEM:  Centrifugal  Variable  Speed  Drive 

TOTAL  MOTOR  POWER:  75  HP  ( 55. 9  kw> 

WORKING  SECTION  MAX.  VELOCITY:  83.8  m/s 
MAX.  AND  MIN.  A63.  PRESSURES:  8274.0  to  41.4  kPa 

Figure  A  The  3  8  cm  ARL  Penn  State  Ultra-High  Speed  Water  Tunnel 
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7  6  m  TEST  SECTION 
"7  4  PIECES  I 


!  Tf}  [I 

I  w 


PLOW 
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i'  MEAT  V 

NOZZLE  EXCHANGER  1 
HONEYCOMB  ij-.v.^C 

-  — 


DESCRIPTION  OF  FACILITY: 

TYPE  OF  DRIVE  SYSTEM: 

TOTAL  MOTOR  POWER: 

WORKING  SECTION  MAX.  VELOCITY 
MAX.  AND  MIN.  AGS.  PRESSURES: 
TEMPERATURE  RANGE: 

REYNOLDS  NUM8ER  RANGE: 


Constant  Dia.  Test  Section,  Closed  Circuit 
Gould  Centrifugal  Pumo 
100  HP  174.6  kw  i 
7.62  m/s 

:S6.0  to  101.4  kPa 
35°C  to  46”C 
10,000  -  26.500 


Figure  5.  The  30  cm  aRL  Penn  Scare  Glycerine  Tunnel 


resting  by  Henderson  and  Parkin  (1982)  and  Parkin  (1983).  As  a  preface  to  specific 
r.vpes  of  measurement ,  a  brief  description  of  typical  water  tunnel  operation  is 
presented. 

2 . 0  MATER  TCTTNEL  OPERATION 

The  c iosed- c ircul t  vater  tunnel  is  usually  composed  of  a  series  of  inrerconnectec 
cylindrical  shells  o*  varying  cross  section.  The  test  section,  or  working  section,  .r 
usually  a  true  cylinder.  The  settling  section  and  nozzle  are  upstream  of  the  test 
section  and  is  where  turbulence  management  apparatus  is  located.  Downstream  of  the 
test  section  the  flow  velocity  is  slowly  decreased  by  a  diffuser  section.  In  order  rc 
complete  the  closed  circuit  loop,  turns  are  required.  These  turns  must  be  designed 
with  turning  vanes  to  minimize  losses.  The  pump  is  located  in  the  lowest  leg  of  the 
tunnel  where  the  hydrostatic  pressures  are  highest  to  help  suppress  pump  cavitation. 
Also  the  cross  sectional  areas  are  largest  in  this  leg  so  that  the  flow  velocity  is 
minimized. 

The  two  fundamental  variables  in  the  test  section  are  velocity  and  pressure, 
well-designed  tunnel  provides  for  accurate  control  of  these  variables  over  a  wide 
range.  Speed  control  in  the  1.22  m  diameter  water  tunnel  at  ARL  Penn  State  is 
achieved  by  varying  the  pump  impeller  rotational  speed  and  the  pitch  of  the  impeller 
blades.  This  pump  is  driven  by  a  2000  HP  variable  -  speed  (0-180  rpm)  induction  motor 


T'..e  piccft  can  do  varied  over  2S  dee.  bv  means  or  a  nvdra'Jur  se rvomecnanism  unich  is 
ceratea  remoceiv  from  me  runnel  operating  console. 

The  scacic  pressure  in  che  rest  section  must  be  maintained  at  a  pre -determined 
value  reearaless  or  velocity.  -sine  as  an  example  the  1.22  m  water  tunne r .  this 
pressure  control  is  achieved  bv  varving  the  air  pressure  on  the  top  of  a  iarge 
pressure -regulating  tank  connected  to  the  bottom  leg  of  the  tunnel.  This  tank 
approx  mate lv  1  m  in  diameter  X  4  m  high)  has  in  it  a  redwood  float  that  prevents  me 
air  rrom  coming  in  contact  with  a  large  surface  area  of  water:  a  necessarv  reature 
■-Tien  concerned  with  gas  content  effects  in  some  hydrodynamics  work. 

A  schematic  of  the  pressure  regulating  control  system  is  shown  in  Fig.  t.  The 
air  pressure  in  the  pressure  -  regulating  tank,  and  thus  the  tunnel  pressure,  is 
controlled  bv  a  differential  pressure  transmitter  (23),  which  is  supplied  with  two 
pressures,  one  from  the  working  section  and  the  other  from  the  pressure  -  regulating 
valve  on  che  console  (22).  The  output  from  the  transmitter  is  an  air  pressure  whose 
value  indicates  whether  the  working  -  section  pressure  is  equal  to  or  deviates  from  the 
Jesired  Dressure.  The  output  is  delivered  to  a  controller  (25),  which  will  adiusc  the 
working - section  pressure  if  a  difference  exists.  The  adjustment  is  achieved  bv 
supplying  an  operating  pressure  to  control  vaLves  (15)  and  (16),  which  connect  the 
low-pressure  -  regulating  tank  with  the  low-  or  intermediate-pressure  receivers.  If. 
for  example,  the  working- section  pressure  is  low,  the  valve  (15)  to  the  low-pressure 
receiver,  which  in  normal  operation  is  slightly  open,  will  close  and  so  stop  the  flow 


Figure  6.  Control  System  for  Tunnel  Pressure  Regulation 
(from  Lehman,  1959) 


tne  same 


:ne  vaive 


iron  cr.e  regulating  tame  to  tne  tow-pressure  receiver.  .-.t  cne  same  time. 

16)  -  -r.  ich  also  normailv  operates  wnile  sllghtlv  open  -  will  be  opened  wider  so  as 

to  permit  a  greater  flow  from  cne  intermediate -pressure  receivers  to  the  pressure- 
reguiacing  tame.  This  situation  will  continue  until  the  transmitter  senses  that  the 
tunnel  has  reached  the  desired  pressure  and  causes  the  controller  to  restore  the 
control  vcives  to  their  neutral  positions.  In  addition  to  the  control  of  pressure 
and  velocity,  there  are  other  variables  that  must  be  considered  in  specific  rvpes  of 
testing.  The  more  important  of  these  are  now  discussed. 


2 . 1  water -Condi  cloning 

A  water-conditioning  system,  or  bypass  system,  is  shown  for  the  1.22  m  Water 
Tunnei  in  Fig.  7.  It  is  used  to  filter  the  water,  degas  the  water  and  if  required 
change  the  temperature  of  the  water.  Because  the  flow  through  such  a  system  may  be 
significant  (tvpicailv  65  1/s),  the  aucoraatic  pressure  control  system  is  tied  into  the 
bvpass  circuit  (11).  With  the  water  level  in  the  pressure  -  regulating  tank  equal  to 
the  set  value,  the  throttle  vaive  i  29)  will  be  adjusted  to  maintain  the  flow  rrom  the 
tunnel  exactly  equal  to  the  flow  to  the  tunnel,  that  is.  from  the  degasser  through  the 
adjustable  speed  pump  to  the  water  tunnel.  As  the  water  level  deviates  from  the  set 
value,  the  throttle  vaive  will  open  or  close  as  required,  increasing  or  decreasing  the 
flow  from  the  tunnel  to  the  degasser  so  as  to  restore  normal  conditions. 


Figure  7.  Tunnel  Bypass  System  (from  Lehman,  1959) 


All  water  that  enters  the  tunnel  from  the  main  lines  or  well  must  enter  through 
the  bypass  system,  in  which  there  are  two  filters  of  10  pm  porosity.  With  the  bypass 
system  operating,  tunnel  water  is  continually  filtered.  Of  particular  importance  in 


cavitation  research  and  in  some  tvpes  of  drag  reduction  researcn  is  the  a:  content 
Level  of  the  water.  Gas  removal  from  the  water  is  accomplished  with  a  Cochrane  Cold- 
Water  Degaslfier  located  in  the  bvpass  circuit.  The  degasser  consists  of  an  upright 
cvlindrical  tank  approximately  2  ra  in  diameter  and  6  m  high.  The  upper  portion  of 
this  tank  is  filled  with  plastic  saddles  which  are  approximately  3.8  cm  high  and  7.6 
cm  in  outside  diameter.  Water  taken  from  the  tunnel  through  the  bypass  system  is 
spraved  into  the  top  of  the  tank,  the  interior  of  the  tank  being  maintained  at  a  high 
vacuum  of  approximately  71  cm  of  mercurv.  The  water  spray  falling  o'^-r  the  saddles 
distributes  the  wacer  in  chin  films,  and  exposure  of  these  films  to  the  vacuum  permits 
the  rapid  removal  of  dissolved  air.  The  water  collects  in  the  bottom  of  the  degasser 
and  returns  to  the  bvpass  system. 

Operation  of  the  degasser  permits  the  lowering  of  the  gas  content  in  the  tunnel 
from  about  15  parts  per  million  by  molecular  weight  to  around  two  or  three  partr  per 
million  in  approximately  three  hours.  On  occasions  when  an  increase  in  the  gas 

content  is  desired,  one  of  two  methods  are  utilized.  Small  increases  in  gas  content 

are  achieved  bv  using  the  Cochrane  Cold-Water  Degasifier  located  in  the  bvpass  circuit 
with  the  tank  pressurized.  When  levels  near  saturation  are  required,  fresh  water  is 
added  to  the  tunnel  circuit.  Air  is  not  normally  added  to  the  tunnel  to  increase  the 
air  content  level  because  often  times  large  bubbles  persist. 

The  Reynolds  number  of  a  given  flow  in  a  water  tunnel  can  be  varied  by  changing 

either  the  tunnel  velocity  or  the  water  temperature  (or  both) .  The 

1.22  m  tunnel  provides  (as  part  of  the  bypass  system)  for  water  heating.  The  useful 
temperature  range  of  10  to  49  deg.  C  permits  the  Reynolds  number  to  be  changed  by  a 
factor  of  two  (2).  This  capability  has  proved  useful  when  measuring  drag  coefficients 
on  small  bodies.  The  small  bodies  are  necessary  to  minimize  spurious  measurement 
errors  due  to  wall  effects,  but  by  operating  at  high  temperatures,  the  Reynolds  number 
range  of  a  larger  body  is  preserved.  Higher  than  normal  water  temperatures  have  also 
been  used  in  transition  research  where  the  demonstration  of  high  transition  Reynolds 
numbers  oy  wall  heating  or  suction  was  the  goal.  The  higher  water  temperature 
effectively  raises  the  unit  Reynolds  number  range  of  the  facility. 

2.2  Turbulence  Control 

Low  freestream  turbulence  levels  in  the  working  section  of  a  water  tunnel  are 
absolutely  necessary  for  many  studies  in  hydrodynamics.  This  is  particularly  true 
when  studying  high-Reynolds  number  laminar  flows  and  the  transition  process.  Although 
screens  have  been  used  to  reduce  turbulence  in  wind  tunnels,  they  are  not  particularv 
satisfactory  in  wacer  tunnels;  that  is,  large,  high-speed  wacer  tunnels.  The  problem 
with  screens  is  strength.  The  wire  diameter  required  for  a  given  velocity  of 
operation  almost  always  results  in  a  wire  diameter  Reynolds  number  range  where  vortex 
shedding  occurs.  This  shedding  causes  the  familiar  "singing"  phenomenon. 

Based  on  the  fundamental  work  of  Lumley  (1964)  and  Lumley  and  McMahon  (1967). 
honeycombs  in  which  the  cells  have  a  large  length-to-diameter  ratio  have  been  used 


success tullv  co  reouce  curouience  levels  Co  order  0.1%  in  Che  ARL  Penn  State  cunneis. 

The  honevcomo  has  two  effects:  -C  reduces  che  level  ot  existing  turbulence,  and  it 
creates  turbulence  or  its  own.  -Lth  tne  right  design  of  honevcomo,  che  coraoined 
effect  is  favoraoie.  The  honevcomo  completely  annihilates  che  cransverse  components 
,uo  and  ui)  of  velocity,  and  so  only  che  u^  component  remains  immediately  downstrram 
of  the  honevcomo.  However,  the  turbulence  has  a  very  strong  tendency  co  rearrange 
itself  and  return  co  an  isotropic  state.  This  state  is  influenced  to  a  significant 
degree  bv  the  flow  within  individual  cells.  It  is  advantageous  co  have  fullv- 
developed  curbulenc  flow  in  che  ceils  as  opposed  to  laminar  or  transitional  flow. 

This  surprising  conclusion  ( Lumley  and  McMahon.  1967)  is  based  on  the  fact  that  a 
laminar  wake  exiting  che  honevcomo  ceil  is  actually  larger  chan  a  turbulent  wake  anc 
it  produces  more  turbulence  than  is  lost  in  the  laminar ization  of  the  cell  flow.  Ic 
is  therefore  accepted  procedure  co  leave  rough  edges  on  honeycomb  that  has  been  sawed 
Co  size.  This  roughness  lowers  che  ceil  transition  Reynolds  number. 

Placement  of  turbulence  management  honeycomb  in  the  plenum  section  lust  upstream 
of  che  nozzle  section  has  advantages.  The  turbulence  at  the  exit  of  che  honevcomo 
enters  che  nozzie  contraction  and  eddies  are  stretched  (elongated)  axially.  This 
upsets  che  isotropic  state  again  and  the  fluctuating  transverse  velocities  are 
reduced.  The  degree  of  turbulence  suppression  by  the  nozzle  depends  on  the 
contraction  ratio.  Ramjee  and  Hussain  (1976)  report  on  these  effects  of  contraction 
ratio,  and  show  chat  the  larger  the  contraction,  the  greater  the  turbulence 
suppression. 

For  example,  the  1.22  m  Water  Tunnel  uses  honeycomb  with  hexagonal  cells  47.6  cm 
long  X  0.56  cm  across  the  flats.  This  is  placed  1.39  m  upstream  of  the  nozzle  which 
has  a  9:1  contraction  ratio.  Robbins  (1978)  measured  the  turbulence  levels  and  length 
scales  in  both  the  plenum  and  test  section  before  and  after  installation  of  the 
honeycomb.  Figure  8  shows  che  axial  component  of  turbulence  intensity  in  the  test 
section.  The  level  of  0.1%  for  velocities  greater  chan  10  m/s  is  quite  acceptable  for 
most  work.  The  high  turbulence  levels  at  lower  velocities  are  a  result  of 
transitional  flow  in  the  honeycomb  and  support  the  Lumley  and  McMahon  recommendation 
noted  above.  The  open  circles  of  Fig.  8  represent  plenum  data  extrapolated  to  the 
test  section  using  theory  developed  by  Lumley  and  McMahon  (1967). 

A  high-Reynolds  number  laminar  pipe  flow  facility  is  described  by  Barker  and  Gile 
(1981).  They  used  a  honeycomb  and  screens  upstream  of  a  35:1  contraction  ratio  nozzle 
to  achieve  test  section  turbulence  levels  of  order  0.01%  which  is  better  than  most 
wind  tunnels.  It  demonstrates  that  turbulence  levels  in  water  tunnels  can  be  made 
extremely  low  provided  one  can  justify  the  large  contraction  ratio  nozzle  and  entrance 
flow  control.  With  very  large  contraction  ratios,  the  boundary  layer  separates  at  the 
test  section  entrance  which  then  feeds  new  turbulence  into  the  working  volume.  Barker 
and  Gile  needed  to  provide  wall  suction  in  this  critical  region  to  control  the 
separation. 
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Figure  8.  Turbulence  Incensicy  (axial  component)  in  1.22  m  Diameter 
Water  Tunnei  Test  Section 


2 .3  Noise  Control 

Unfortunately,  the  control  of  background  noise  in  a  water  tunnel  is  at  least  an 
order  of  magnitude  more  difficult  than  the  control  of  turbulence,  water  quality, 
pressure,  or  velocity.  The  reason  is  hvdroelastic  in  nature.  The  metallic  materials 
used  in  water  tunnel  construction  have  a  density  comparable  to  that  of  water. 
Conventional  methods  of  noise  path  attenuation  become  severely  limited  because  there 
are  two  paths  of  transmission:  one  through  the  water  and  the  other  through  the 
structure.  One  can  place  an  acoustic  baffle  in  the  liquid  that  attenuates  the  water¬ 
borne  path,  but  the  energy  on  the  source  side  of  the  baffle  "jumps"  into  the  structure 
at  that  point,  bypasses  the  baffle,  and  then  re-enters  the  water  and  continues  to 
propagate  through  the  water.  The  same  thing  happens  if  one  baffles  the  structure,  say 
with  a  rubber  gasket  at  a  joint.  Structure-borne  energy  leaves  the  structure  at  the 
gasket,  travels  through  the  water,  and  then  back  into  the  structure.  Thus  the  only 
way  to  attenuate  the  duct  modes  of  acoustic  energy  flow  is  by  blocking  both  water  and 
structure  paths  simultaneously  and  at  the  same  point.  Attempts  at  doing  this  by  manv 
organizations  to  existing  facilities  have  been  generally  unsuccessful.  However, 
several  planned  facilities  have  attempted  to  incorporate  these  ideas  in  their  design 
(Holl  and  Billet,  1987) . 

Water  tunnels  that  are  relatively  quiet,  have  relatively  quiet  sources  of  noise. 
The  primary  source  is  the  pump.  Secondary  sources  are  separation  zones  in  turns  and 


vail  turDuienc  Dounaarv  Lavers.  A  cvpical  cunnei  can  oe  quieted  by  15  to  iO  dB 
cnrouen  complete  suppression  ot  pump  cavitation.  Tne  CALTECH  High-Speeo  Water  lunnei 
Barker.  1974V  the  NL'SC.  Lew  Lonoon  Acoustic  Water  Tunnel  (Schloemer,  1Q74V  and  the 
ARL  Penn  State  i . 22  m  Water  Tunnel  i Lauchle .  1977)  are  all  capable  or  operating 
cavitation  free;  thus,  chev  are  fairly  quiet  tunneis.  The  NUSC .  New  London  tunnei 
also  uses  fire  hose  in  parts  of  the  circuit  to  help  suppress  vibration. 

Even  wich  a  quiet  pump  and  we  11  - des igned  turns,  the  turbulent  boundary  layer  in 
the  tesc  section  and  diffuser  radiate  significant  acoustic  energy.  Typical  spectral 
data  for  this  clear  tunnel  noise  are  shown  for  the  CALTECH  and  ARL  Penn  State  tunneis 
in  Fig's.  9  and  10.  respectively.  Even  though  the  1.22  m  tunnel  is  larger  than  the 
CALTECH  tunnel  by  a  factor  of  about  four  (4),  it  is  quieter.  The  reason  is  due  co  the 
physics  of  turbulent  boundary  layer  (.TBL)  noise,  e.g.  Tam  (1975).  The  noise  spectrum 
peaks  when  u6 */u=8xl0 * 2  •>  -  radian  frequenev,  i*-TBL  displacement  thickness, 
u-velocitv).  The  smaller  water  tunnel  supports  a  thinner  TBL  at  the  end  of  the  test 
section  than  does  the  larger  tunnel  at  the  same  velocity.  Consequently ,  the  peak  in 
TBL  noise  occurs  at  a  nigher  frequenev;  the  roil-off  portion  of  the  TBL  noise  spectrum, 
is  at  a  higher  ievei  and  is  within  the  frequenev  range  shown  on  Fig's.  9  and  10.  At 
ultra- low  frequencies,  the  larger  water  tunnel  would  be  the  noisier  of  the  two. 


CALTECH  WATER  TUNNEL  BACKGROUND  NOISE 
( FLUSH- MOUNTED  HYDROPHONE) 


Figure  9.  C -jar  Tunnel  Background  Noise  of  CALTECH  Water  Tunnel 
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Figure  iO .  Clear  Tunnel  Background  Noise  of  ARL  Penn  Scare  1.22  m 
Water  Tunnel 

3.0  BODY  FORCF.  MEASUREMENT 

Although  the  standard  facility  used  to  determine  body  forces  and  moments,  and 
powering  (or  propulsion)  characteristics  of  marine-type  vehicles  is  the  towing  tank, 
these  facilities  are  iimited  to  relatively  low  velocities  (5-8  m/s)  for  completely 
submerged  bodies.  This  limitation  is  caused  by  surface  wave  effects  and  the  water- 
piercing  strut  interference  drag.  The  Reynolds  number  range  is  often  low  and  accurate 
scaling  of  the  powering  or  force  data  to  larger  prototype  conditions  is  difficult. 

The  water  tunnel  is  most  useful  for  the  testing  of  completely  submerged  bodies. 
Higher  Reynolds  numbers  can  be  achieved  so  that  the  scaling  of  data  is  more  accurate. 
If  the  body  frontal  area  is  greater  than  about  1/40  the  test  section  cross  sectional 
area,  then  complications  may  arise  from  tunnel  wall  interference  effects,  e.g.  Ross, 
et.al.  (1948).  The  tunnel  wail  causes  the  streamlines  over  the  body  to  be  modified 
which  changes  the  body  pressure  distribution  from  that  observed  in  a  free-field 
environment.  In  addition,  the  skin  friction  and  displacement  thickness  growth  over 
the  body  and  tunnel  wail  give  rise  to  a  spurious  axial  force  component  called 
horizontal  buoyancy.  Much  of  the  potential  flow  blockage  effect  and  part  of  the 
horizontal  buoyancy  effect  can  be  eliminated  by  using  a  flow  correcting  liner  attached 
to  the  test  section  vail.  Fig.  11.  The  fundamental  research  on  liner  design  was 
performed  by  Lehman,  et.al.  (1958)  and  Peirce  (1964).  The  basic  premise  in  liner 
design  is  that  if  the  tunnel  wall  were  to  conform  exactly  to  one  of  the  outer  stream 


ourraces  lonnea  wnen  the  ooav  operates  in  tne  tree  stream,  then  ail  forces  acting  on 
me  ooav  would  be  unarfectea  bv  tne  tunnei  wall.  The  aesign  accuracy  therefore 
aepenas  upon  cne  accuracy  that  one  can  preaict  the  stream  surfaces  over  arDitrarv 
bodies.  As  computational  tools  and  techniques  liDrove ,  so  do  tunnei  liner  aesigns. 


TUNNEL  WALL 


Figure  11.  Installation  of  a  Large  Body  in  Water  Tunnel  Tost  Section 

The  liner  design  resulting  from  potential  flow  calculations  can  (and  should)  be 
modified  to  account  for  the  boundary  iayer  displacement  thickness  growth  over  the 
liner  itself.  Axisymmecric  viscous  flow  codes  can  be  used  for  this.  The  displacement 
thickness  calculated  is  added  to  the  coordinates  of  the  liner  specified  in  the 
potential  flow  calculation.  This  step  accounts  for  some  of  the  horizontal  buoyancy 
effect,  but  not  all  of  it.  The  skin  friction  on  both  the  body  and  tunnel  wall  add  to 
the  tunnel  interference  and  cannot  be  treated  easily  in  the  liner  design.  It  is 
usually  handled  empirically. 

As  an  example  of  the  empirical  procedure,  consider  the  measurement  of  net  axial 
force  on  a  large  axisymmecric  body  operating  in  a  cylindrical  test  section  with  liner. 
(The  force  sensors  are  described  in  Section  3.1).  This  body  is  large  enough  that 
tunnei  interference  effects  are  present.  The  body  is  presumed  to  have  an  operating 
propulsor.  A  standard  propulsor  powering  test  entails  measuring  the  net  body  axial 
force,  Cx,  as  a  function  of  the  propulsor  advance  ratio,  e.g.,  Fig.  12  (a).  At  the 
self  propulsion  point,  Cx  -  0 .  However,  Cx  -  (Thrust)  minus  (Bare  Body  Drag)  (and 
bare  body  drag  is  affected  by  tunnel  interference)  so  the  true  self  propulsion  point 
cannot  be  determined  from  che  data  measured.  One  must  remove  the  propulsor  and 
measure  che  bare  body  drag  coefficient  as  a  function  of  Reynolds  number,  Fig.  12(b). 
These  data  must  then  be  compared  to  the  drag  coefficient  data  measured  on  a  very  small 
body  of  the  same  geometry.  Usually,  the  Reynolds  number  range  can  be  maintained 
between  the  two  tests  by  operating  the  small  body  at  much  higher  speeds  and  by  heating 
the  tunnel  water.  The  difference  between  the  two  data  sets  is  the  empirical  tunnel 
correction.  It  is  applied,  as  shown  in  Fig.  12(a),  to  the  powering  data.  The  primary 
reasons  why  the  entire  test  is  not  conducted  at  the  very- small  body  scale  is  that 
propulsors  cannot  be  manufactured  accurately  at  those  scales.  Also,  the  small 


.eccric  motors  needed  to  drive  tne  propeller  snaft  qo  not;  supply  sufficient  power  to 
over  tne  advance  ratio  ana  Revnoids  numoer  ranee  of  interest.  ,-idditionai  details  on 
nis  procedure  are  given  by  Hall  (19731. 
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Figure  12.  Tunnel  Interference  Correction  Scheme;  (a)  Net  Axial  Force 
Coefficient  for  Body  with  Propeller;  (b)  Bare  Body  Drag 
Characteristics 


Tunnel  wall  and  horizontal  buoyancy  effects  have  a  strong  influence  on  the  body 
static  pressure  distribution.  Figure  13,  for  example,  shows  a  predicted  potential 
flow  pressure  distribution  (which  accounts  for  solid  blockage  effects)  over  a  large 
streamlined  body  whose  maximum  diameter  is  26%  of  the  tunnel  diameter  (rw  -  tunnel 
wall  radius).  Also  shown  on  this  figure  are  data  obtained  at  various  Reynolds 
numbers.  The  discrepancy  between  data  and  theory  is  the  horizontal  buoyancy  effect 
which  is  viscous  in  origin.  Lauchle  (1979,  1983)  has  analyzed  this  problem  and 
derives  a  closed- form  solution  for  its  correction.  Figure  14  shows  a  result  of  the 
correction  procedure  applied  to  the  potential  flow  solution.  The  agreement  with  data 
is  good.  One  could  use  this  approach,  which  entails  calculating  the  boundary  layer 
and  shear  stress  distributions  over  the  body  and  tunnel  wall,  to  estimate  accurate 


PRESSURE  COEFFICIENT 


ressure  distributions .  Accurate  oressure  distributions  are  reouirea  wnen  scuavmc 
aminar  bounaarv  iaver  staDilitv  and  transition,  e . 5.  Luucnie .  et.ai.  ,1980). 


Figure  13.  Measured  and  Predicted  Body  Pressure  Distribution  for  a  Large 
Body  in  the  1.22  m  Water  Tunnel 


Figure  14.  Corrected  In-Tunnel  Pressure  Distributions  Accounting  for 
Horizontal  Buoyancy  Effects 


NONDIMENSIONAL  RADIUS  (r/r J  NONDIMENSIONAL  RADIUS  Ir/rJ 


Measuring  oodv  forces  ana  moments  on  water  runner  test  boai.es  requires  devices 
thac  are  stiff  ana  insensitive  to  changes  in  tunnel  pressure.  These  aevices  are 
tailed  balances.  The  basic  element  in  balance  design  is  che  tension  memoer ,  torque 
tube,  or  shear  beam.  each  balance  is  designed  to  meet  the  objective  of  the  given  test 
program . 

A  tvpicai  force  cuoe  with  a  tension  numDer  '.Fig.  IS)  is  instrumented  with  strain 
gages.  The  verv  small  elongation  ot  the  member,  caused  bv  che  hvdrodvnaraic  force 
being  measured,  is  sensed  directly  by  the  gages.  The  force  and  strain  are  parallel  to 
each  ocher  vhich  minimizes  cross  coupling  with  ocher  forces.  The  thin  webs  thac 
connect  the  upper  tension  member  side  to  che  base  (or  ground)  side  of  che  cuoe  are 
called  flexure  members;  they  act  as  double  cantilever  beams.  Notice  chat  the  device 
is  extremely  rigid  in  che  vertical  plane  while  weak  in  the  horizontal  plane.  However, 
che  pre - tens ioned  tension  members  restore  rigiditv  to  the  horizontal  motion.  In 
operation,  the  center  of  the  tension  memoer  remains  fixed  to  a  rigid  portion  of  the 
model  strut  svstem.  while  tr.e  ends  are  fastened  to  the  body  skin  suoiect  to  the 
hvdroavnamic  load  of  concern.  The  load  causes  a  microscopic  translation  of  the  cuoe 
in  the  lefc/righc  direction.  One  side  of  the  tension  member  elongates  while  che  ocher 
relaxes.  The  four-arm  bridge  oecomes  unbalanced  and  a  voltage  is  created  in  che 
Wheatstone  bridge  circuit  thac  is  proportional  to  load. 


CONNECTS  TO  BODY 


Figure  15.  Force  Cube  -  Tension  Member  Design  Concept 


Shear  beam  balances  are  schematically  shown  in  Fig.  16.  In  these  devices,  a  web 
replaces  the  tension  member  and  the  applied  force  causes  shear  in  the  web.  The  strain 
gages  are  placed  in  a  45°  direction  to  the  force  so  that  the  principal  stress  is 
sensed.  The  modified  shear  balance  has  a  reduced  area  web  to  increase  the  shear 
stress  which  improves  sensitivity  further. 


STRAIN  GAGES 


MODIFIED  SHEAR  BEAM  BALANCE 

Figure  L6.  Shear  Beam  Balance  Design  Concepts 


A  torque  tube  (or  cell)  is  used  to  measure  moments  about  its  longitudinal  axis. 
This  includes  hinge  moments  on  control  surfaces  and  torque  on  propulsor  shafts.  The 
typical  torque  ceil  is  shown  m  Fig.  17.  In  rotating  systems,  slip  rings  are  required 
to  bring  the  strain  gage  signals  out  of  the  test  apparatus. 

In  any  given  test  program,  the  test  body  may  employ  several  steady- state  force 
sensors  simultaneously.  Figure  18  shows  a  typical  experimental  setup  in  which  body 
axial  force,  propulsor  shaft  torque,  thrust,  and  control  surface  hinge  moment  are  all 


Figure  17. 


orque  or  Moment  Balance  Design  Conceot 


CIRCULAR  OIAPHRAM 
FLEXURES  -  2  REQUIRED 


TYPICAL  SINGLE  PROPULSOR  MEASURING  SYSTEM 

Figure  18.  Typical  Application  of  Force  and  Moment  Balance  in  Water  Tunnel 
Mode  i 

The  rrequencv  resoonse  of  strain- gaged  force  oaiances  is  generally  poor  comoarec 
to  ocher  cvnamic  sensors.  However,  for  frequencies  less  chan  aDout  T50  Hz,  they  can 
provide  reliable  time -dependent  force  data.  Figure  19  shows  an  example  or  this.  A 
large,  e iectricailv - heated  bodv  (bauchle  and  Gurney,  198M  was  equipped  with  a  drag 
force  balance  in  the  sting  mount.  The  body  could  be  made  to  have  intermittent  iaminar 
flow  by  adjusting  the  heating  level  (heat  stabilizes  laminar  layers  in  water)  to  a 
critical  level  for  the  velocity  of  flow  considered.  Turbulent  spots  were  created 
randomly  over  the  body  surface  and  these  cause  time -random  changes  in  skin  friction. 

A  hot  film  senses  the  spots  where  a  conditioned  hot  film  output  is  shown  as  I(t)  on 
Fig-  19.  Here,  I(t)  is  equal  to  one  when  a  spot  is  present.  The  simultaneous  drag 
signal  is  also  shown.  The  data  show  clearly  the  correlation  between  the  prese  ce  of 
turbulent  spots  in  a  iaminar  boundary  iaver  and  the  instantaneous  increases  in  body 
drag.  Some  spikes  in  drag  are  not  correlated  with  the  indicator  function  because  some 
spots  occur  on  the  opposite  side  of  the  body  from  where  the  hot  film  is  located. 


DRAG.  D(t) 


Figure  19.  Time  Dependent  Drag  Data  Compared  with  Occurrence  of  Turbulent 
Spots  on  a  Laminar  Flow  Body 


Sensors  aesienea  soeciricaiiv  for  unsteac-'  force  measureraenrs  usually  use  a 
piezoelectric  crvscai  ratner  tr.an  strain  gages.  This  :s  aue  primarily  to  resonance 
prooiems  with  strain  gage  beams.  An  application  of  this  technique  to  the  measurement 
of  time -dependent  propeller  snaft  forces  is  given  bv  Thompson  (19761.  Non- steaciv  Lift 
measurement  techniques  are  reviewed  bv  Sevik  (1964).  and  Lauchle  <19741  presents  a 
technique  for  measuring  unsteadv  hinge  moments. 

-  0  BOUNDARY  IT-.YER  MEASUREMENTS 

4 . 1  Turbulent  Boundary  havers 

Turbulent  boundary  laver  measurements  in  high-speed  water  tunnels  are  in  general 
made  difficult  bv  the  high  dvnamic  pressures  involved,  by  the  conductivity  and  genera^ 
uncLeaniiness  of  the  water,  bv  cavitation  and  by  the  very  smail  inner  boundary  laver 
scales.  Of  these  ootencial  problems,  ail  but  the  last  can  be  circumvented  (more  or 
less  simplv)  in  some  wav,  and  moreover,  are  not  problems  unique  to  boundarv  laver 
measurements.  We  snail  concentrate,  therefore,  on  the  problem  of  very  small  inner 
hounaarv  laver  scales,  and  the  constraints  that  thev  put  on  the  types  of  measurements 
we  can  make  and  how  we  have  Learned  to  work  within  these  constraints.  As  in  recent 
vea-s  much  of  the  boundary  laver  work  done  at  ARL  Penn  State  has  been  driven  by  the 
need  to  understand  the  mechanics  of  turbulent  drag  reduction- -a  phenomenon  dominated 
by  near  wall  effects -- these  constraints  have  been  keenly  felt. 

Typical  values  of  the  momentum  thickness  Reynolds  number,  for  fully  developed 
turbulent  boundary  layers,  which  have  been  measured  in  our  laboratory  range  from  3000 
’■f  15000.  Using  approximate  relationships  found  in  White  (1974),  for  examoie,  we  find 
sublayer  thicknesses  (y+-5)  which  vary  from  5  microns  at  18  m/sec  to  40  microns  at  3 
m/sec.  Some  measured  data  are  shown  in  Table  1,  which  is  reprinted  from  Deutsch  and 
Castano  (1986).  The  friction  velocity,  ur ,  is  found  for  the  data  shown  in  Table  1  by 
requiring  a  least  square  fit  of  the  data  to  the  law  of  the  wall  (Coles  and  Hirst.  1968). 

We  have  been  most  successful,  over  the  past  decade,  with  techniques  that  measure 
at  the  surface  of  the  flow  and  with  LDV  techniques.  Surface  measurement  techniques 
have  included  skin  friction  balances,  flush  mounted  hot  film  gauges  and  pressure 
probes.  Pressure  probes  are  discussed  further  in  i  :ccion  6.3,  so  that  we  shall 
concentrate  here  on  the  other  three  techniques. 

Central  to  all  the  skin  friction  balance  measurements  that  we  have  made,  have 
been  floating  elements  supported  by  strain- gauged  force  members.  Early  designs  used 
the  force  member  in  bending,  and  although  this  allowed  for  excellent  sensitivity, 
motion  of  the  balance  with  increasing  velocity  was  fairly  large,  typically  on  the 
order  of  several  hundred  microns  for  a  speed  change  of  15  m/sec.  This  movement  of  the 
balance  section  made  installation  exceedingly  difficult.  In  addition,  it  raised 
questions  about  the  alignment  of  the  balance  with  speed.  Subsequent  balance  sections 
used  an  I-beam  force  memoer  in  shear.  It  was  found  that  sensitivity  could  be 
maintained,  while  the  stiffer  balance  sections  were  much  easier  to  align  and  to 
maintain  aliened.  Movement  of  the  shear  beam  balances  is  on  the  order  of  2.5  microns 
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Typically,  we  have  used  balance  sections  with  surface  areas  of  2.5  x  10"-7  m‘  in 
fully  developed  turbulent  boundary  layers.  The  state  of  the  boundary  layer  is 
determined  beforehand  through  LDV  measurements.  On  a  skin  friction  balance  of  this 
size  the  force  will  vary  from  0  to  about  10  Newtons  over  the  speed  range  of  0  to  17 
ra/s.  Some  appreciation  for  the  linearity  and  sensitivity  of  the  balance  can  be 
obtained  by  considering  a  sample  output,  which  is  shown  in  Fig.  20  ^ . 

Problems  with  balance  measurements  are  generally  caused  by  pressure  gradient 
effects,  balance  misalignment  and,  in  water,  waterproofing.  Waterproofing  of  the 
strain  gauge  section  is  certainly  more  arc  than  science  and  we  merely  note  that  with 
too  thick  a  layer  of  waterproofing  one  will  trade  linearity  for  hyste/sis.  while  too 


:nin  a  coatine  will  lead  to  electrical  shorting  ana  balance  failure.  Vncertaintv 
the  measured  pressure  gradient  is  maenified  in  the  sum  friction  measurement.  Tor 
example,  a  norainailv  zero,  measured,  pressure  gradient  is  shown  in  Fig.  21.  If  the 
variation  of  this  pressure  gradient,  which  is  about  0.7%  of  the  dynamic  neaa.  is 
treated  as  a  pressure  gradient  across  the  balance,  it  would  lead  co  a  10%  uncertainty 
in  the  skin  friction  measurement.  We  have  not  been  successful  in  measuring  the 
pressure  within  our  balance  gaps,  perhaps  because  of  our  relatively  small  balance 
sections,  but  this  measurement  has  been  successful  elsewhere  and  is  certainlv  worth 
the  effort. 
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WATER  VELOCITY,  U*  (m/s) 

Figure  20.  Shear  Stress  Balance  Performance  Showing  Sensitivity  and 
Linearity 


Figure  21.  Typical  Pressure  Gradient  Over  a  Flat  Place  Mounted  in  a 
Water  TunneL 


3ecause  we  nave  useo  our  balance  sections  in  nominally  zero  pressure  zraoient 
zurouient  bounaarv  iavers.  a  cnecK  on  their  performance  is  available  dv  a  comDanson 
-•ich  existing  data  correlations.  A  comparison  of  some  of  our  cata  against  a 
correlation  given  in  White  cl974'i  is  snovn  in  Fie.  12.  The  fit  to  the  correlation 
depends  on  a  choice  of  virtual  origin  for  the  experimental  cata.  This  is  often  fixeo 
bv  a  crip  wire  or  a  ieading  eaee  condition  or  bv  an  extrapolation  of  the  data  to  zero 
displacement  or  momencum  thickness .  For  our  resuits,  it  is  comforting  to  know  that  a 
ten  percent  error  in  virtual  origin  results  in  onlv  a  0.8%  error  m  tne  skin  friction. 


Figure  22.  Skin  Friction  Coefficient  on  a  Flat  Plate  Showing  Comparison 
of  Water  Tunnel  Data  with  Theory 

Misalignment  of  the  balance  can  cause  extraneous  pressure  effects  and  significant 
errors  in  skin  friction.  In  boundary  iavers  with  verv  small  inner  regions  these 
effects  can  be  seen  for  even  very  small  misalignments,  i.e.  on  the  order  of  25 
microns.  Results  from  a  systematic  study  are  shown  in  Fig.  23.  Cleariv  it  is  better 
to  err  in  the  direction  of  a  recessed  element. 

To  obtain  information  about  the  local  time  dependent  behavior  of  these  turbulent 
boundary  layers  we  have  generally  relied  on  flush-mounted  hot  film  probes  and  LDV. 

For  opaque  microbubble  flows,  fcr  example,  the  flush  mounted  films  provide  our  only 
means  of  measuring  the  time  dependent  nature  of  the  flow.  The  theory  of  operation  of 
these  probes  can  be  traced  back  to  the  work  of  Ludweig  (1950),  Ludveig  and  Tillmann 
(1954)  and  Liepmann  and  Skinner  (1954)  and  shows  that  the  wall  shear  stress  (rw)  is 
related  to  the  measured  voltage  (E)  through 

E2  -  A  rw  V3  +  B.  (4.1.1) 
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Figures  20-27  have  been  reprinted  from  the  Ph.D.  thesis  of  Madavan 
(Penn  State  University,  1984). 
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Figure  23.  Effect  of  Shear  Balance  Misalignment  on  SI; in  Friction 

Coefficient  Measured  on  a  Flat  Plate  Mounted  in  a  Water 
Tunnel 

where  the  coefficients  A  and  B  must  be  found  through  calibration  against  a  known  flow. 
Experimental  evidence  snows  (for  example,  Bellhouse  and  Schulte,  1966)  that  a 
relationship  of  the  same  form  exists  for  turbulent  flows  provided  that  the  thermal 
boundary  layer  which  grows  on  the  probe  lies  entirely  within  the  viscous  sublayer.  Cf 
course,  for  a  turbulent  flow  the  equation  relates  instantaneous  values  of  the  shear 
stress  and  the  measured  voltage. 

For  all  our  water  tunnel  experiments  we  have  been  fortunate  enough  to  have 
sufficient  boundarv  layer  data  to  permit  us  to  calibrate  these  not  film  probes  in 
place.  Our  experience  in  the  use  of  these  probes  in  other  types  of  measurements 
indicates  that  with  the  small  spatial  scales  involved  in  the  flush- alignment .  that 
calibration  outside  the  facility  used  would  lead  to  only  order  of  magnitude  results. 
Calibration  in  place  implies  calibration  in  a  turbulent  boundarv  layer  and  Sandborn 
(1979)  and  Hanratty  and  Campbell  (1982)  have  recommended  an  interactive  technique 
toward  the  determination  of  the  constants  A  and  B.  In  our  measurements  we  have  found 
the  initial  estimate  of  the  constants  from  the  mean  calibration  data  to  be 
sufficiently  accurate.  A  typical  hot  film  calibration  curve  is  shown  in  Figure  24. 

The  fit  of  two  straight  lines,  with  a  higher  slope  to  the  data  at  lower  tunnel  speed, 
is  usual  and  is  probably  a  result  of  free  convection  effects  at  low  speeds. 

The  "miniature"  hot  film  probes  we  employ  are  not  small  when  compared  to  our 
inner  boundary  layer  scales.  Active  sensor  elements  have  a  streamwi se  width  of  400 
microns  by  a  cross-stream  dimension  of  900  microns.  The  probes  then  are  some  10  to  80 
sublayer  thicknesses  in  streamwise  extent  with  an  L/D  ratio  of  2.25.  With  streak 
spacing  estimated  as  roughly  100  wall  units  (20  sublayer  thicknesses)  the  probes  may 
be  averaging  over  as  many  as  k  wall  layer  streaks.  One  might  suppose  chat  the  effect 
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-  CALIBRATION  curve 


Figure  24.  Typical  Calibration  of  a  Flush -Mounted  Hoc  Film  Probe 
of  this  averaging  would  appear  in  plots  of  the  intensity  of  shear  stress  fluctuations, 
which  we  show  versus  Reynolds  number  in  Fig.  25.  In  Fig.  25,  the  dotted  line 
represents  daca  taken  from  Eckelmann's  study  in  the  thick  viscous  sublayer  of  an  oil 
channel.  Scatter  in  the  measurements  is  typical  of  results  taken  from  several 
different  probes  and  may  be  related  to  the  relative  success  in  flush  mounting  the 
individual  probes.  Eckelmann  (1974)  notes  that  his  value  of  0.24  agrees  well  with  the 
extrapolation  of  Laufer's  hot  wire  measurements  to  the  wall.  Others,  most  notablv 
Hanracty  and  his  colleagues,  find  values  closer  to  0.32-0.36.  While  the  current  taper 
was  in  review.  Alfredsson  et.  al.  (1988)  published  an  attempt  to  explain  the  large 
variation  of  intensities  obtained  bv  various  researchers.  They  conclude  that  the 
intensity  value  should  be  close  to  0.4,  and  that  the  results  presented  in  Fig.  25  do 
indeed  suffer  from  spatial  averaging. 


FREESTREAM  VELOCITY,  U^lm/sl 

Figure  25.  Typical  Measurements  of  Fluctuating  Wall  Shear  Stress 
Using  Hot  Film  Probes 


LBV  measurements  m  high  Revnoids  numoer  iiguia  bounaarv  iavers  are  aiso 
rescricced  bv  prooiems  of  small  inner  -  scale  size.  -sing  stanaard  bacxscatcer  optics, 
an  argon- ion  laser  ac  468  nm  lor  512  nm)  a  3.75x  beam  expanoer.  and  a  <*80  mm  iens .  car 
ellipsoidal  measuring  volume  is  80  microns  in  the  vertical  ano  streamwise  direction 
ana  580  microns  in  che  cross-stream  direction.  Our  measurement  volume  then  is  10  to 
80  wall  units  in  the  vertical  direction  with  an  L/D  of  6.  Typical  plots  of  mean 
velocity  and  turbulence  intensity  are  shown  in  Fig.'s  26  and  27,  respectively.  Even 
with  tilting  the  laser  beams  at  some  small  angle  to  the  piate  to  decrease  reflections. 
v+  values  of  less  than  50  are  quite  unusual  to  obtain*  Turbulence  production,  by  wav 
of  comparison,  may  peak  near  a  v+  of  15. 
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Figure  26.  Laser  Doppler  Velocimetry  (LDV)  Measurements  of  Turbulent 
Boundary  Layers  on  a  Flat  Place 

In  summary,  we  have  described  some  of  our  more  successful  measurement  techniques 
for  high-velocity  turbulent  water  boundary  layers.  These  experiments  have  the 
singular  difficulty  of  very  small  inner  scales.  Because  of  these  small  scales,  the 
measurements  we  would  most  often  like  to  make  are  simply  not  obtainable:  some 
measurements  we  do  make  are  often  not  as  accurate  as  we  would  like. 


Much  of  our  recent  experience  in  transitional  boundary  layers  has  come  from  our 
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That  is,  for  a  flat  plate  boundary  layer.  We  have  managed  to  come 
significantly  closer  on  axisymmetric  bodies  by  exploiting  the  curvature  of  the 
body  to  reduce  reflections. 


figure  27.  LDV  Measurements  of  Turbulence  intensity  (Streamuise  Component) 
work  in  heated  laminar  flow  on  underwater  vehicles,  again  at  large  unit  Reynolds 
numbers  (Lauchle  and  Gurnev ,  19841  The  object  of  the  research  was  to  achieve  laminar 
flow  at  very  large  length  Reynolds  numbers  by  using  surface  heating  to  stabilise  the 
boundary  layer.  The  body  employed  was  a  3.05  m  long  X  0.32  m  diameter  axisymmetric 
body  and  was  tested  in  the  large  <1.22  m  diameter)  water  tunnel.  We  found  that  with 
sufficient  heating  we  could  increase  che  length  Reynolds  number  for  transition  from  a 
cool  wall  value  of  4.5  x  10^  to  a  value  near  37  x  10^. 

The  laminar  boundary  layers  that  were  encountered  on  this  body  were  typically  too 
small  to  permit  velocity  profile  measurements,  particularly  for  the  heated  cases.  At 
1.92  m  from  the  nose,  for  example,  the  displacement  thickness  is  about  2.33  mm,  while 
at  the  same  location  with  high  heating  (75  kW)  the  displacement  thickness  is  only  100 
microns.  Our  chief  instrumentation  has  been  flush-mounted  hot  film  probes  and 
injected  dye- flow  visualization.  We  found  early  on  in  the  experiments  that  injection 
of  fluid,  at  a  low  rate,  did  not  interfere  with  the  transition  process,  so  chat  we 
could,  by  using  dye,  visualize  it.  This  was  very  useful,  particularly  in  determining 
at  what  position  on  the  body  the  initiation  of  turbulent  spots  began.  We  found  this 
position  to  be  consistently  at  the  predicted  critical  point  of  the  body  for  the  given 
level  of  heating.  Heating  increases  the  distance  to  the  critical  point.  A  typical 
visualization,  which  illustrates  the  spot  formation  is  shown  in  Fig.  28. 

We  used  flush  mounted  hot  film  probes  to  provide  quantitative  data  on 
intermittency  and  burst  rates.  This  is  an  ideal  use  for  these  probes  as  they  may  be 
run  uncalibrated.  We  used  probes  at  a  fixed  location  (2.12  m  downstream  of  the  nose) 
so  that  the  Reynolds  number  was  varied  by  changing  the  mean  tunnel  speed. 


^  Typically  we  filter  at  50  Hz.  This  is  important  if  one  wishes  to  have  an 
intermittency  detector  with  long  time  stability. 


Figure  28.  Flow  Visualization  of  Natural  Transition  on  a  Heated  Body 
Operated  in  a  Water  Tunnel 

Transitional  flow  is  intermittently  turbulent  and  is  generally  described  statistics 
through  the  intermittencv  function  (7)  and  the  burst  formation  rate  (N) .  We  use  an 
indicator  function,  I(t),  which  is  set  to  zero  for  laminar  flow  and  to  one  for 
turbulent  flow,  and  define  the  intermittencv  as  the  Lime  average  value  of  the 
indicator  function.  An  intermittencv  detector  is  used  to  generate  the  indicator 
function.  First  the  hot-film  signal  is  high  passed  filtered  to  remove  low  frequenc 
information^;  second  it  is  differentiated  to  highlight  the  remaining  high  frequency 
r luc tuat ions ;  third  it  is  integrated  with  a  short - 1 ime - cons tant  low  pass  filter  to 
smooth  the  fluctuations  within  the  turbulent  burst;  and  fourth  the  conditioned  sign 
is  passed  through  a  variable  threshold  Schmidt  trigger.  The  output  of  the  Schmidt 
trigger  is  the  indicator  function.  The  intermitter.ty  is  obtained  by  passing  the 
indicator  function  through  an  integrating  voltmeter,  while  the  burst  frequency  is 
obtained  by  passing  I(t)  through  a  counter  that  only  triggers  on  the  leading  edge  o 
step  function.  The  threshold  level  of  the  Schmidt  trigger  is  set  by  observing 
simultaneously  the  raw  hot  film  signal  and  indicator  function  on  a  storage 
oscilloscope.  Adjustments  are  made  until  I(t)  tracks  with  the  bursts  sensed  bv  the 
tilm.  Typical  intermittencv  and  burst  rate  plots  for  no  surface  heating  and 
substantial  surface  heating  are  shown  in  Fig.  29.  Here,  the  arc  length  Reynolds 
number  is  based  on  the  fixed  arc  length  location  of  the  probe  (s  -  2.12m). 

Ladd  and  Hendricks  (1985)  have  measured  boundary  laver  transition  on  an 
ellipsoidal-shaped  heated  body  which  operated  in  the  Naval  Ocean  Systems  Center  ;NC 
0.305  in  diameter  water  tunnel.  This  tunnel  is  capable  of  speeds  up  to  14  m/s  with 
turbulence  intensities  reported  to  be  0.16  percent.  The  maximum  transition  Reynold 
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Figure  29.  Transitional  Boundary  Layer  Data  Showing  Spot  Formation  Rate 
and  Intermittencv  on  a  Heated  Underwater  Body 


number  considered  in  their  experiments  is  7  x  10^  (based  on  axial  distance  to 
transition).  Intermittency  in  the  transition  zone  was  measured  by  locating  the  center 
of  an  LDV  measuring  volume  at  a  distance  of  5.8  8  away  from  the  model  wall,  where  6  is 
the  computed  laminar  boundary  layer  momentum  thickness.  This  distance  was  selected 
because  it  assures  that  the  LDV  measuring  volume  is  outside  of  the  region  of  "sharp" 
velocity  gradient.  They  found  this  necessary  to  avoid  the  effects  of  the  finite 
measuring  volume  diameter  (0.12  mm)  and  the  sporadic  characteristic  of  LDV  signals, 
which  would  produce  a  fluctuating  velocity  output  signal  indistinguishable  from 
turbulence,  even  in  a  fully  laminar  flow. 

The  laser  scattering  seeds  used  in  the  NOSC  experiments  were  1.5  jim  silicon 
carbide  particles.  The  LDV  photodetector  signal  was  processed  with  a  counter- type 
processor  that  yields  a  voltage  proportional  to  velocity.  This  signal  was  processed 
on  a  computer  where  software  was  provided  to  form  the  intermittency  function,  I(t). 

The  threshold  velocity  selected  to  indicate  a  turbulent  event  was  10  percent  of  the 
maximum  velocity  fluctuation  observed  in  the  transitioning  boundary  layer.  This  is 
consistent  with  the  Lauchle  and  Gurney  (1984)  experience  using  flush-mounted  hot  films 
and  analog  processing. 

In  transition  experiments  where  intermittency  is  measured,  50  percent 
intermittency  is  usually  selected  to  define  the  transition  point  or  transition 
velocity. 


a  S  £ 


There  ere  many  different  tecnniques  associated  with  the  measurement  or  muitipn 
flows  (i.e.  liquid-solid- gas  flows i  due  to  the  great  variety  or  flows  tr.emseives. 
Accurate  measurements  of  the  fundamental  physical  quantities  are  not  oniv  an  essential 
part  in  an  understanding  of  multiphase  flows  but  also  in  the  measurement  process 
itseif.  Almost  all  flow  visualization  techniques  involve  measurement  processes  having 
multiphases.  Even  the  early  work  of  Osborne  Reynolds,  a  19th-century  English 
scientist,  utilized  dye  to  visualize  pipe  flows.  Today,  optical  techniques  such  as 
laser  velocimetry  and  pulsed  veiocimetry  (Dybbs  and  Pfund,  1985)  involve  the 
measurement  of  solids  in  a  fluid  and  problems  of  particle  velocity  fidelity  arise  as 
well  as  statistical  particle  bias  problems. 

There  have  been  many  international  symposia  and  journal  articles  directed  toward 
flow  visualization  techniques  and  multiphase  flow  measurements.  For  example,  the 
.American  Societv  of  Mechanical  Engineers  -  Fluids  Engineering  Division  sponsors  annually 
The  Cavitation  and  Multiphase  Flow  Forum  t see  Furuva  1987)  and  Fluid  Measurements  and 
Instrumental  Forum  (see  Sajura  and  Billet,  1986)  chat  serve  as  a  source  of  information 
and  provide  valuable  insite  into  multiphase  flow  measurements.  Althougn  the 
applications  are  verv  diverse,  the  use  of  optical  measurement  techniques  does  appear 
to  be  one  common  denominator  in  multiphase  flow  measurements  in  high-Revnolds  number 
liquid  flow  facilities. 

Multiphase  flow  measurements  in  the  flow  facilities  at  ARL  Penn  State  have  for 
the  most  part  been  developed  to  understand  the  basic  fluid  mechanics  of  cavitation. 
Cavitation  is  the  gas- liquid  region  created  by  a  localized  pressure  reduction  produced 
by  the  dynamic  action  of  the  fluid  in  the  interior  and/or  the  boundaries  of  a  liquid 
system.  Cavitation  will  occur  in  the  lowest  pressure  regions  of  the  flowfield. 

Figure  30  shows  cavitation  occurring  in  a  pump  stage.  A  first  order  measure  of 
cavitation  is  determined  from  the  cavitation  number  defined  as 


P®  '  ?v 
1/2  P  V.2 


(5.1.1) 


where  P,,  is  the  reference  static  pressure,  Pv  is  the  vapor  pressure  at  the  bulk 
temperature  of  the  liquid,  p  is  the  liquid  density  at  the  bulk  temperature  of  the 
liquid  and  V*  is  a  reference  velocity.  Thus  from  a  classical  point  of  view, 
cavitation  inception  occurs  when  the  cavitation  number  is  equal  to  the  absolute  value 
of  Che  local  minimum  pressure  coefficient.  At  higher  values  of  cavitation  number  no 
cavitation  can  occur  and  at  lower  values  of  cavitation  number  developed  cavitation 
will  occur. 

In  order  to  determine  cavitation  inception,  the  cavitation  number  is  obtained  by 
either  varying  the  static  pressure  at  constant  velocity  or  varying  the  velocity  at 


Figure  30.  Photograph  of  Cavitation. 


constant  pressure.  In  either  case  the  condition  is  identified  by  the  observation  of 
large  bubbles  or  by  acoustic  sensors  through  the  noting  of  an  increase  in  noise  level. 
Figure  31  shows  the  character istics  of  cavitation  noise,  and  cavitation  inception  can 
be  noted  where  a  rapid  increase  in  noise  level  occurs  for  a  small  variation  in 
cavitation  number.  Broadband  noise  is  created  as  the  bubbles  collapse  in  a  high 
pressure  region.  A  description  of  cavitation  noise  theories  can  be  found  for  example 
in  Blake  (1987)  and  Hamilton,  Thompson  and  Billet  (1986). 


Figure  31.  Cavitation  Noise. 


leoarcures  iron:  cr.e  classical  viewpoint  or  cavitation  are  aue  co  so-caiied  sca^e 
- erects  .see  rioll.  1169}  sra  are  <.1;  due  to  variations  ir.  me  iocsi  pressure  rrelc 
: rom  rne  perfect  fluid  moaei.  and  (2)  bubble  dynamics  wnich  cause  the  pressure  at 
inceDtion  of  the  microbubble  to  varv  from  equilibrium  vapor  pressure.  .hus. 
cavitation  measurements  generally  involve  fluid  measurements,  cavitation  Duoble 
measurements,  and  cavitation  nuclei  measurements. 

Past  research  studies  nave  included  such  diverse  measurement  techniques  such  as 
oil-paint  film,  tufts,  eves,  bubble  tracing,  photography,  and  Schlieren  photography. 

‘,'ou  a- rays,  gamma  ravs ,  radio  and  lightwaves,  and  computer  technology  are  combined  in 
complex  systems  for  these  measurements.  Emphasis  at  the  ARL/Penn  State  has  been  on 
aeveiooing  e lectro - optical  techniques  such  as  laser  velocimetrv,  laser  light- 
scactering,  and  holography.  The  application  of  these  techniques  is  essentially  due  co 
two  fundamental  properties;  it  is  non- intrusive ,  and  in  general,  gives  directly  the 
measurement  of  the  flow  quality.  As  an  example,  the  instantaneous  components  of  the 
local  velocity  vector  can  be  obtained  with  a  laser  veiocimecer  and  holography  gives 
direct!-.-  the  size  and  distribution  of  bubbles. 

A  summary  of  laser  veiocimecer  and  its  application  to  water  tunnel  measurements 
is  given  in  Billet  (1987}.  Obviously,  the  major  problem  with  these  systems  is  optical 
access  to  the  measurement  location  wnich  is  not  always  easy  in  a  high-speed  water 
cunne i . 

5 . 2  Cavitation  Nuclei  Measurements 

Cavitation  nuclei  is  a  general  term  used  to  refer  co  the  impurities  that  cause 
weak  spots  in  liquids  and  thus  prevent  the  liquid  from  supporting  higher  liquid 
tensions.  The  importance  of  cavitation  nuclei  has  been  noted  as  early  as  a  century 
ago  bv  Besanc  (1859}.  A  relationship  between  nuclei  size  and  cavitation  growth  has 
been  established  bv  a  bubble  dynamics  model  started  by  Lord  Rayleigh  (1917}  almost 
half  a  centurv  ago  followed  by  the  work  of  Plesset  (1949)  and  others.  The  importance 
of  nuclei  size  and  distribution  has  also  been  shown  by  many  experimental  efforts. 
Recently,  the  results  of  experiments  conducted  by  members  of  the  International  Towing 
Tank  Conference  (ITTC)  (see  Lindgram  and  Johnsson,  1966  and  Acosta  and  Parkin,  1970) 
have  provided  impetus  for  attempts  to  quantify  a  relationship  between  nuclei  and 
cavitation.  As  a  direct  result,  many  different  measurement  techniques  have  been 
developed  and  a  summary  of  many  techniques  is  given  by  Billet  (1986)  and  in  Fig.  22. 

Two  significantly  different  approaches  to  measuring  cavitation  nuclei  have  been 
developed.  One  is  to  measure  the  particulate/microbubble  distributions  by  utilizing 
acoustical  (Schiebe  and  Killen,  1971  and  Medwin,  1977),  electrical  (Hammitt,  et.al., 
1974  and  Oba,  1981)  or  optical  techniques  (Keller,  1972,  Farmer.  1976,  Gates  and 
Bacon,  1978  and  Cowing  and  Ling,  1980).  The  ocher  approach  measures  a  cavitation 
event  race  for  a  liquid  under  various  tensions  and  establishes  a  cavitation 
susceptibility  (Oldenziel,  1979,  Lecoffre  and  Bonnin.  1979  and  d'Agoscino  and  Acosta. 
1983) . 
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The  most  widelv  used  method  of  establishing  cavitation  susceptibilitv  utilises 
venturi  svstem.  Measurements  of  cavitation  susceptibility  are  based  on  bubble  even 
that  occur  in  a  prescribed  pressure  field.  A  smaii  venturi  tube  maae  of  glass 
(Oldensiei.  1979)  or  steel  LTecoffre  ana  Bonnin.  1979)  is  used  ana  the  minimum 
pressure  can  be  varied  bv  a  adjusting  the  volume  flow  rates.  The  number  of  cavitat 
events  can  be  determined  optically  or  by  recording  the  noise  generated  bv  their 
collapse  in  a  downstream  diffuser.  The  corresponding  concentrations  of  unstable 
nuclei  can  be  estimated  from  the  pressure  at  the  throat  and  the  count  of  cavitation 
bubbles.  A  schematic  showing  the  principles  of  operation  is  given  in  Fig.  22. 
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Figure  33.  Venturi  System. 


T"he  venturi  jvsteoi  can  oe  severely  il.xicea  bv  nuclei  concentration  larger  man  item-' 
nowever .  it  can  provide  a  airecc  measure  of  born  Che  liquid  critical  tension  ana 
nuclei  concentrations  over  a  verv  large  sice  range.  -hen  ana  Cowing  (.19851  ana 
Chahine  and  Shen  (19851  discuss  the  calculation  of  bubble  avnamics  in  the  tr.roat  cl  a 
venturi.  A  more  general  discussion  of  cavitation  susceptibility  meters  is  given  ov 
d'Agoaicino  and  Acosta  (19331. 

Light  -  scatter ing  techniaues  are  the  most  widely  usea  metnods  to  determine  nuclei 
distributions.  In  some  cases,  the  amplitude  of  the  scattered  light  is  related  to  the 
size.  Other  methods  are  based  on  laser  doppler  techniques  in  which  particulate 
visibility  or  phase  of  the  ooppier  frequency  is  correlated  with  size.  One  of  the 
first  applications  of  a  scattered- 1 ighc  method  to  measure  nuclei  distributions  in  a 
wacer  tunnel  was  done  by  Keller  (1972)  and  utilized  a  laser  as  a  light  source. 

A  1 ighc - scattering  system  developed  for  wacer  tunnel  applications  at  ARL/Penn 
State  utilizes  the  laser  1 ight - scattering  principles  and  is  shown  schematically  ir. 
rig.  3-1.  This  system  is  based  on  the  reiationsnip  between  the  radius  of  a  scattermz 
sphere  and  the  scattered  intensity.  A  comparison  between  experimental  caca  ana  hie 
theory  is  given  in  Fig.  33. 


Figure  34.  Light-Scattering  System. 

An  on-line  method  was  developed  to  discriminate  between  the  light  scattered  from 
microbubbles  and  particulates.  An  analytical  investigation  bv  Kohler  and  Billet 
(1981)  showed  that  the  asymmetry  of  a  particulate  relative  to  the  postulated  spherical 
symmetry  of  a  microbubble  results  in  a  scattered  field  that  is  quite  different. 
Yungkurth  (1983)  conducted  a  series  of  tests  in  a  water  tunnel  that  showed  chat 
discrimination  using  this  theory  is  only  possible  when  the  particulate  population  is 
less  than  the  microbubble  population. 

The  largest  classifying  error  of  this  technique  is  the  tendency  for  spherical 
aicrobubbles  of  a  given  size  co  register  a  number  in  not  only  the  classification 
channel  corresoondine  to  that  size,  but  also  in  all  channels  lower  than  that  size. 
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Figure  25.  Comparison  Between  Calculated  ana  Measured  Scattered 
Intensities  for  Spheres  in  Water. 

This  is  due  to  the  probe  volume  having  a  nonuniform  light  intensity.  Fig.  26  shows 
the  different  light  scattering  characteristic  of  the  same  size  bubble  located  at 
different  locations  within  the  laser  beam. 

This  experimental  result  shows  chat  the  count  histogram  does  not  reflect  directly 
the  actual  distribution  of  sizes  present.  The  amplitude  of  the  voltage  pulse  (A) 
produced  by  a  photomultiplier  as  a  result  of  a  microbubble  entering  the  measuring 
volume  can  be  expressed  as 

A2 

A  -  G  — I  (x,y)  Ffa.fi, -!rei)  (5.2.1) 
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where  G  -  gain  of  associated  electronics 

A  -  light  wavelengths 


r  -  effect:,  'e  ooticai  distance 

I.x.v:  -  intensity  ot  light  beam  in  proDe  volume 

Fla  .  ii .  n„e  -L ,  -  scattering  response  function. 
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Figure  36.  Normalized  Maximum  Scattered  Intensity  of  a  Bubble  Along  the 
Axis  Normal  to  the  Light  Beam. 

To  correct  for  this,  an  inversion  scheme  that  accounts  for  the  nonuniform  light 
intensity  has  been  developed.  Thus  the  above  equation  can  be  generalized  in  terms  of 
discrete  classification  channels  as 

Ct  -  U  ASij  Nj  (5.2.2) 

where  U  is  the  bulk  velocity  of  the  flow,  Cj_  is  the  column  matrix  of  detected  count 
rates  AS^j  is  the  equivalent  cross-sectional  area  of  the  probe  volume  for  the 
microbubble  response  function  Fj  ,  and  Nj  is  the  column  matrix  of  detected  count  rates 

It  is  important  to  note  that  the  Sjj  elements  are  simply  probabilities  based  on  the 
light  intensity  distribution  and  the  width  of  the  classification  channel.  The  actual 
data  received  in  an  experiment  are  the  collected  in  the  various  channels.  The 


information  desired  is  the  microbubble  density,  N ; ,  thus  the  above  equation  can  be 
-ncten  as 

1 

N'j  '  5  Ci  ASij_1  ■  (5.2.3) 

■-•here  AS ;  j "  ^  is  the  inverse  of  the  matrix  AS^j  .  Thus  the  microbubble  density  for  one 
channel  is  actually  a  weighted  sum  of  the  count  rates  from  every  channel. 

Even  utilizing  an  inversion  procedure  to  account  for  the  nonuniformity  of  the 
light  intensity,  the  question  of  system  accuracy  cannot  be  answered..  The  system 
requires  an  appropriate  statistical  sample  before  the  inversion  procedure  can  account 
properly  for  the  nonuniform  light  intensity. 

A  computer  model  of  the  probe  volume  -  microbubble  distribution  -  inversion 
procedure  interaction  has  been  developed  and  details  are  given  in  Billet  (1986).  The 
results  clearly  show  the  importance  of  the  size  width  of  the  classification  channels 
and  of  the  sample  size.  A  comparison  of  microbubble  distributions  obtained  with  the 
lighc - scatter ing  system  and  by  using  holographic  techniques  is  given  in  Fig.  37. 
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Figure  37.  Number  Density  Data  for  V*  -  6 . 1  m/sec,  P  -  103.4kPa  in  30.5  cm 
Water  Tunnel. 


5 . 3  Cavitation  Bubble  Measurements 
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Holography  is  utilized  to  record  the  growth  of  cavitation  bubbles,  the  trajectory 
of  microbubbles  and  the  size  and  concentration  of  cavitation  nuclei.  Holography  is  a 
complete  measurement  technique  that  makes  possible  the  recording  of  color,  scale  and 
three-dimensional  images  of  the  multiphase  flow.  Unlike  an  ordinary  photograph  or  a 
Schlieren  photograph,  which  record  only  two-dimensional  images,  a  hologram  preserves 
the  three-dimensional  information  by  recording  the  wave  front  phase  differences  as 
well  as  light  intensity.  When  a  coherent  light  beam  encounters  a  g»s  bubble  or  some 
other  change  in  the  refractive  index  of  the  medium,  the  phase  of  the  light  waves  is 
modulated.  Scattered  coherent  light  encodes  all  the  optical  properties  of  the  object. 

In  the  holographic  process,  a  laser  beam  is  split  into  two  separate  beams  -  one 
Chat  illuminates  the  object  and  the  other  which  is  a  reference  beam  superimposed  on 
the  light  field  scattered  from  the  object,  Fig.  38a.  The  interference  pattern 
generated  by  these  beams  is  recorded  in  a  transparent  light-sensitive  emulsion. 
Development  of  the  exposed  emulsion  produces  a  hologram  that  contains  the  complete 
optical  information. 
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Figure  38. 
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Hologram  Recording. 

Wavefront  Reconstruction  for  Image  Playback. 
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The  noiogram  is  composed  of  a  series  of  light  ana  dark  fringes  on  the  transparent 
substrate.  Vhen  a  laser  beam  illuminates  it  at  the  same  incidence  angle  as  the 
original  reference  beam,  the  licht  is  diffracted  by  tne  fringes.  Converging  and 
diverging  wavefronts,  similar  to  those  scattered  by  the  object  are  reconstructed  (Fig. 
38b).  The  diverging  wavefronts  appear  to  come  from  a  virtual  image,  visible  from 
behind  the  hologram.  This  image,  seen  through  the  hologram,  appears  to  be  at  the 
location  of  the  original  object.  The  converging  wavefronts  form  a  real  image  of  the 
object  on  the  opposite  side  of  the  hologram. 

Two  holographic  configurations  are  used  for  cavitation  research  in  the  water 
cunneL.  An  off-axis  system  has  spatially  separated  object  and  reference  beams.  The 
term  off-axis  indicates  that  the  beams  are  not  coincident  along  a  single  axis.  An  in¬ 
line  system  used  one  beam  as  both  the  object  beam  and  the  reference  beam. 

In-line  holography  is  a  very  weLl  established  technique  for  the  study  of 
microbubbles  in  a  dynamic  situation.  Although  the  technique  is  almost  as  old  as 
modern  holography,  it  is  still  one  of  the  most  reliable  measurement  methods. 
Consequently ,  researcn  to  improve  different  aspects  of  the  method  are  continuing, 
e.g.,  Vikram  and  Billet  (1982).  (1983),  (1984). 

In-line  holography  has  a  number  of  advantages  for  cavitation  measurements.  The 
limited  window  area  and  working  space  around  a  water  tunnel  test  section  provide 
little  off-axis  space  for  a  separate  reference  beam.  The  in-line  system  has  been  used 
to  successfully  measure  microbubble  concentration  as  high  as  200/cm^  over  a  size  range 
of  20-200  microns  in  the  tunnel.  Also,  it  is  capable  of  obtaining  bubble  growth 
information  via  multiple  exposures  for  bubbles  having  wall  velocities  as  high  as  100 
m/sec.  However,  when  more  than  20*  of  the  reference  beam  is  distorted,  an  off-axis 
system  is  necessary  and  has  been  utilized  to  measure  concentrations  as  high  as 
1500/cm'  in  the  water  tunnel. 

The  holographic  system  has  three  main  components:  the  holocamera.  a  hologram 
recording  system  and  a  reconstruction  system.  Schematics  are  shown  in  Fig.'s  39  and 
40.  The  holocamera  utilized  at  ARL/Fenn  State  is  a  double-pulse  ruby  laser  Q-switched 
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Figure  39.  Three  Main  Components  of  an  In-Line  System. 
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Figure  uO .  Holographic  Reconstruction  System, 
with  a  Pockels  cell.  The  power  of  the  svstem  is  up  to  10  joules  in  a  single  20-msec 
pulse  or  two  20-msec  pulses  of  5  joules  each.  The  puise -repetition  rate  can  be  varied 
from  uOO  msec  to  about  1  msec.  A  resolution  or  15  urn  can  be  obtained  when  the  central 
maximum  fringe  of  the  diffraction  paccern  is  recorded  with  at  least  three  side  lobes. 
This  also  requires  an  allowable  fringe  movement  of  less  than  1/40  of  the  fringe 
spacing . 


6.0  HYDROACOUSTICS  MEASUREMENTS 

As  noted  previously,  radiacea  noise  generated  by  turbulent  stresses  depends  on  a 
high  power  of  the  Mach  number.  Even  in  a  high-speed  water  tunnel  the  Mach  number  may 
be  as  low  as  0.01;  the  flow  is  nearly  incompressible,  and  the  level  of  sound  radiation 
is  very  low  compared  to  air  at  the  same  Reynolds  number.  Nevertheless, 
hydrodvnamically- generated  sound  does  occur  under  water  and  its  physical  understanding 
and  control  is  an  important  subject  of  past  and  current  research  projects. 

The  most  efficient  sources  of  hydrodynamic  noise  are  cavitation  and  other 
multiphase  flows.  These  sources  are  monopole  and  the  sound  level  increases  with  the 
fourth  power  of  Mach  number.  Such  flows  create  noise  that  is  usually  more  intense 
than  the  facility  background  noise  which  results  in  a  good  signal- to-noise  ratio. 
Examples  of  cavitation  noise  measured  in  water  tunnels  may  be  found  in  Blake,  et.al. 
(1977),  Marboe  (1982),  Barker  (1974),  Gavigan,  et.al.  (1974),  and  Hamilton  (1986). 

Flow  noise  in  single-phase  flow  is  generated  in  both  free  and  bounded  shear 
layers.  Turbulent  boundary  layer  noise  obeys  a  fifth  to  sixth  power  dependence  on 
Mach  number  and  is  hence  less  efficient  than  cavitation  noise.  Its  directivity  is 
that  of  dipole  radiation.  Free-shear  flows  are  quite  inefficient  sound  radiators  at 
low  Mach  numbers;  the  intensity  scales  with  the  eighth  power  of  the  Mach  number  and 
the  directivity  is  described  by  quadruples.  Boundary- layer  noise  can,  under  some 
instances,  be  measured  in  a  water  tunnel  environment  (Skudrzyk  and  Haddle,  1960, 
Lauchle,  1977  and  Greshilov  and  Mironov,  1983),  but  difficulties  in  signal-to-noise 
ratio  often  invalidate  the  data.  The  problem  of  signal-to-noise  ratio  is  compounded 


m  free-snear  rlows  ana  no  Known  noise  daca  are  reportea. 

The  above  Discussion  is  concerned  with  che  raaiatea  noise  associaced  with 
ansceaav  flows.  The  suoiecc  of  turbulent  wall  pressure  fluctuations  is  a  different 
matter.  These  fluctuations  are  generally  quite  incense  since  they  scale  with  the 
dynamic  head  and  depend  onlv  secondarily  on  Mach  number.  Their  measurement,  at  a 
point,  in  liquia  flows  nave  been  somewhat  successful  and  several  studies  are  reportea: 
for  example,  see  willmarcn  (  1 9 7 5 >  for  a  review,  and  Bakewell  (1968'),  Barker  (19731. 
Lvamsnev.  ec.  ai.  ,19841.  Kadvkov  and  Lvamshev  (19701,  Skudrzyk  and  Haddle  (19601, 
Lauchle  and  Daniels  (19871,  and  Horne  and  Hansen  (1981)  for  more  specific  studies 
involving  liquid  flow  cunneis. 

The  radiation  field  from  liquid  stress  fluctuations  is  non-dispersive  and  depenas 
on  only  one  wavenumber,  the  acoustic  wavenumber.  On  the  other  hand,  turbulent  wall 
pressure  fields  are  dispersive,  being  dependent  on  a  wide  range  of  characteristic 
velocities,  and  hence  on  a  wide  range  of  subsonic  wavenumbers.  Therefore,  in 
measuring  wall  pressure  fluctuations,  one  must  be  concerned  with  both  spatial  and 
temporal  information. 

A  complete  survev  of  such  fields  requires  chat  measurements  be  made  at  many 
locations,  simultaneously.  These  measurements  are  made  using  flush-mounted  pressure 
transducers,  che  size  of  which  is  important.  Large  transducers  tend  to  filter  out  the 
high  wavenumber  components,  while  small  transducers  give  an  average  of  che  field  over 
a  large  wavenumber  range.  In  order  to  measure  a  turbulent  fluctuation  within  some 
pre-determined  wavenumber  band,  one  must  use  an  array  of  transducers,  shaded 
appropriately  to  give  the  desired  result.  These  arrays  are  called  wavevector  filters 
and  are  described  by  Maidanik  and  Jorgensen  (1967).  Several  wavevector  filters,  each 
of  a  different  design,  must  be  used  to  cover  a  given  broad  wavenumber  range.  The 
difficulties  of  this  approach  are  significant;  successful  measurements  of  the  entire 
wavevector/frequency  spectrum  of  turbulent  boundary  layer  wall  pressure  fluctuations 
have  yet  to  be  reported  for  any  medium.  A  predominant  problem  is  facility  backgrouna 
noise.  This  noise  is  capable  of  leaking  into  the  side  lobes  of  a  wavevector  filter 
and  hence  contaminating  the  desired  data.  The  problem  remains  unsolved. 

In  the  remainder  of  this  section,  methods  for  measuring  the  flow- induced 
radiation  field  and  turbulent  boundary  layer  wall  pressure  fluctuations  in  water 
tunnel  testing  will  be  high-lighted.  The  examples  discussed  will  show  new  measurement 
procedures . 

6.1  Radiated  Noise  Measurements 

The  water  tunnel  is  not  considered  to  be  an  ideal  acoustic  environment  for  making 
radiated  noise  measurements  from  a  test  object.  The  hard-wall  construction  of  a 
typical  tunnel  results  in  internal  sound  fields  that  are  highly  reverberant.  One  can 
approach  the  problem  by  treating  the  tunnel  as  a  reverberation  chamber,  calibrating  it 
for  its  reverberation  characteristics,  and  then  using  it  to  determine  sound  power 
(spatially -averaged  sound  intensity).  This  is  the  approach  routinely  used  by  Blake, 
et.al.  (1977)  in  the  DTRC  0.914  a  water  tunnel.  The  method  does  suppress  the  effects 


of  standing  waves  in  the  tunnei.  Luc  precludes  cne  use  or  focused  arrays  or 
directional  receivers  to  localise  suspected  noise  sources.  A  secona  approacn.  used  ir. 
the  ARL  Penn  State  1.22  m  tunnei.  is  to  use  individual  receivers  calibrated  .in  s~.ru. 
The  receiver  response  is  thus  influenced  significantly  bv  the  tunnei  reveroeration  and 
one  must  be  extremeiv  careful  is  setting  up  the  calibration.  This  requires  some 
anticipation  as  to  where  the  hvdroacoustic  sources  of  noise  are  situated  in  the  actual 
test . 

To  illustrate  the  procedure,  consider  the  directional  hvdroohone  system  shown  in 
Fig.  4*1.  The  reflector  is  a  pair  of  copper  spinnings,  welded  at  the  edges,  and  filled 
with  air.  The  air  reflects  sound  underwater.  A  commercial  hydrophone  is  placed  at 
the  focus  of  the  ellipsoid  forming  the  shape  of  the  reflector.  The  other  focus  is  in 
line  wich  the  tunnel  centerline.  Sound  originating  within  the  tunnel  test  section 
passes  through  the  acoustically- transparent  plexiglass  viewing  window  of  the  tunnel 
hatch  cover  (Fig.  u21,  into  the  water-filled  external  tank,  and  is  then  sensed  by  the 
reflecting  hydrophone.  The  reflector  can  be  traversed  up  and  down  the  length  of  the 
test  section  to  help  in  isolating  different  sources  of  sound. 
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Figure  41.  Schematic  of  the  Reflecting  Hydrophone  System  used  on  the 
1.22  m  ARL  Penn  State  Water  Tunnel 
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Figure  42.  Overall  View  of  che  Acoustic  Tank  Mounted  on  the  1.22  m  Water 
Tunne 1 . 

The  calibration  procedure  is  to  place  a  standard  projector  (piezoelectric 
hydrophone)  at  the  anticipated  location  of  the  hydroacoustic  source  of  interest.  The 
transmitting  frequency  response  of  the  standard  must  be  know  and  is  given  as  dBs 
(referenced  to  1  *i?a  -  m/input  volts).  Typically,  the  sound  output  per  unit  input 
voltage  at  a  fixed  distance  increases  with  frequency  at  12  dB/octave .  The  projector 
is  driven  with  broadband  noise  from  a  random  noise  generator.  The  mean-square  level 
of  this  voltage  is  arbitrary  but  it  must  be  measured  by  passing  it  through  a  spectrum 
analyzer.  This  level  is  called  dBx  (re  1  volt).  The  raw  output  voitage  from  the 
receiver  (dB^  re  1  volt)  is  also  passed  through  the  spectrum  analyzer.  The  ordinate 
of  this  spectrum  is  then  converted  to  sensitivity  by: 

dB(4Q  -  dBv  -  dBs  -  dBx  +  20  log  d,  (6.1.1) 


where  d  is  the  separation  distance  between  source  and  receiver  expressed  in  meters. 

A  typical  sensitivity  curve  for  the  reflecting  hydrophone  is  shown  in  Fig.  A3. 
The  tunnel  was  free  of  a  test  body  and  the  projector  was  at  the  geometric  center. 
Radial  standing  waves  created  in  the  test  section  are  quite  apparent  in  this 
sensitivity  curve.  The  free- field  sensitivity  does  not  exhibit  the  rapid  oscillation 
with  frequency  characteristic  of  che  in-tunnel  sensitivity.  These  oscillations  are 
due  to  radial  standing  waves.  The  same  waves  are  created  when  a  broadband 
hydrodynamic  source  of  sound  (say  a  spot  of  cavitation)  is  situated  at  the  same 


location  as  was  the  oroiector  in  the  calibration  test.  Then,  throutn  aopiication  01 
the  sensitivity  curve,  these  standing  wave  resonances  (and  anti  -  resonances i  cancel: 
the  reduced  spectrum  will  be  broadband  and  quite  accurate. 


In  many  instances  the  hydrodynamic  source  of  noise  occupies  a  significant  volume : 
for  example,  cavitating  blades  on  a  propeller.  In  these  situations,  -he  projector  is 
placed  at  several  locations  within  the  source  volume.  The  sensitivity  curves  measured 
for  each  location  are  then  averaged  together.  The  averaging  eliminates  much  of  the 
radial  standing  wave  response  and  a  fairly  smooch  sensitivity  curve  results. 

With  the  projector  at  the  test  section  center,  a  scan  of  the  reflecting 
hydrophone  results  in  data  typified  in  Fig.  44.  Sased  on  the  broadband  data  shown, 
the  half-power  beamwidth  of  the  system  is  about  40  cm. 


RELATIVE  TO  PROJECTOR  (  m  ) 


Figure  44.  Typical  Directivity  of  Reflecting  Hydrophone 


2  Volume  Source  Strength  “easureuents 


Cavitation  and  other  two-phase  flows  create  omni-directional  noise  that  is 
characterized  bv  a  random  collection  of  point  monopoie  sources.  The  time  history  or 
rhe  acoustic  pressure  at  distance  r  from  a  free-field  monopoie  source  is  given  bv: 


Plr, t) 


e. 


V  ( t  -  r  '  c  'i 

uirr 


(6.2.1) 


where  a  is  the  water  density  and  V  is  the  volume  acceleration  of  the  source  region 
evaluated  at  retarded  time  (c  is  the  sonic  velocity).  The  volume  source  strength  is 
of  fundamental  importance  in  many  radiation  and  scattering  problems  because  it  can  be 
used  in  theoretical  models  employing  various  geometries  and  known  Greens  functions. 
Therefore,  its  measurement  is  of  practical  interest. 

In  principle,  one  could  estimate  the  source  strength  of  a  cavitation  source 
occurring  in  a  water  tunnei  bv  the  techniques  given  in  Section  6.1.  Sut  those 
techniques  break  down  at  low  frequencies  where  the  acoustic  wavelength  becomes  greater 
than  the  tunnel  diameter.  Then  the  back  reaction  of  reflected  waves  on  the  known 
projector  used  during  calibrations  affects  adversely  the  output  of  the  projector 
(Waterhouse,  1958).  This  is  why  the  data  of  Fig.  *+3  go  no  lower  than  5kHz. 

A  method  which  alleviates  this  problem,  while  giving  directly  the  acoustic  source 
strength  of  cavitation  in  reverberant  tunnel  test  sections,  is  now  presented.  The 
method  is  based  on  acoustic  reciprocity  and  permits  the  determination  of  low-frequency 
volume  source  strength.  Wolde  (1973)  first  used  the  method  for  propeller  cavitation 
studies,  and  later  Bistafa  (1984)  used  it  for  free  shear  flow  cavitation  noise 
produced  by  orifice  plates.  The  method  has  an  added  benefit  in  that  the  actual 
acoustic  measurements  are  performed  with  a  microphone  (in  air)  outside  of  the  tunnei. 
This  eliminates  the  use  of  hydrophones  in  the  flow,  or  mounted  in  the  wails  of  the 
tunnel,  which  can  be  influenced  by  ocher  sources  of  noise.  The  cavitating  orifice 
plate  of  Bistafa  (1984)  and  Bistafa,  Lauchle,  and  Reethof  (1987)  is  used  as  an 
example . 

The  basis  of  the  reciprocity  technique  is  to  establish  a  tunnel  transfer 
function.  Here,  a  sound  projector  is  placed  at  some  convenient  location  near  the 
tunnel  and  the  sound  pressure  is  measured  inside  the  tunnel  (filled  with  water  but 
with  no  flow)  at  the  location  where  cavitation  will  occur  during  the  test.  A 
requirement  is  that  the  sound  projector  be  reciprocal  so  chat  it  can  be  used  as  the 
receiver  during  the  cavitation  test.  A  loudspeaker  meets  this  requirement.  Figure  45 
depicts  the  two  experiments,  where  the  "direct"  experiment  is  when 
cavitation  occurs  and  is  the  volume  velocity  desired.  The  open-circuit 

voltage,  of  the  speaker  is  measured  in  the  direct  experiment.  In  the 

"reciprocal"  experiment,  the  speaker  is  driven  with  known  current  1^  and  the 

pressure  inside  the  tunnel  is  measured  with  an  omni-directional  hydrophone,  . 


The  volume  velocity  is  then  calculated  from 


(6.2.2) 


At  this  point  it  has  been  assumed  that  the  electro-acoustic  transducers  are 
reciprocal.  One  must  check  further  to  see  that  the  entire  system  (which  includes  the 


water  tunnel)  is  also  reciprocal.  This  is  accomplished  by  placing  a  projector  in  the 
tunnel  and  listening  to  it  with  the  loudspeaker  outside  the 

tunnel.  The  current  driving  the  projector  is  i j  and  the  speaker  output  voltage 
is  e^  .  Then,  the  direction  of  energy  flow  is  reversed  by  driving  the  speaker 
with  ij  and  measuring  the  sound  inside  the  tunnel  by  monitoring  e^  ;  the  output 
of  the  projector  (now  a  hydrophone).  Transfer  functions 


are  calculated  and  compared.  If  they  are  equal,  the  total  system  is  reciprocal. 

Figure  46  shows  these  transfer  functions  for  both  the  15.3  cm  and  30.5  cm  water 
tunnels  at  ARL  Penn  State.  It  is  clear  that  the  direct  and  reciprocal  experiments 
yield  the  same  transfer  functions,  so  both  tunnels  (and  electro-acoustic  transducers! 
are  reciprocal  for  the  frequency  range  shown. 

Figure  47  shows  a  schematic  view  of  an  orifice  plate  mounted  in  the  30.5  cm  water 
tunnel  test  section.  Cavitation  occurs  in  the  highly  turbulent  mixing  zone  downstream 
of  the  orifice.  The  bubble  collapse  zone  is  where  most  of  the  noise  occurs  so  it  was 


Figure  <*6  .  Direct  and  Reciprocal  Transfer  Functions  for  the  15.2  era  and 
30.5  cm  Water  Tunnels  at  ARL  Penn  State 


Figure  47.  Schematic  of  Experiment  on  Cavitation  Noise  Induced  by 
Circular  Orifice  Place 


there  where  the  reciprocal  transducer  was  placed  during  the  calibration  experiments. 
Figure  48  shows  some  typical  volume  velocity  spectra  for  this  type  of  cavitation 
noise.  The  cavitation  number,  K,  for  an  orifice  plate  is  defined  by 


Pd  ' 

Pu  "  Pd 


(6.2.3) 


where  P^  is  the  static  pressure  downstream  of  the  place,  Pu  is  the  upstream  pressure, 
and  Pv  is  the  vapor  pressure.  The  reader  is  referred  to  Bistafa  (1984)  for  additional 
data  and  cavitation  noise  data  scaling. 


FREQUENCY.  kHz 

Figure  *8 .  Tvpicai  Volume  Velocity  Spectra  Measured  Using  the  Reciprocity 
Technique  tor  a  Cavicacmg  Orifice  Plate 


round  N’oise  Vance i lation 


In  some  instances,  particularly  at  lew  frequencies,  the  acoustic  background  noise 
of  a  water  cunnei  can  be  removed  from  tae  desired  noise  data  by  a  cancellation 
technique.  The  method  requires  that  the  acoustic  background  noise,  usually  caused  by 
the  pump,  propagates  around  Che  cunnei  circuit  in  plane  waves.  The  plane  wave  cut-off 
frequency  for  ducts  of  circular  cross  section  is  accurately  predicted  from  (Skudrcyk, 
1971) 


fQ  =»  0.586  c/D 


(6.3.1) 


where  c  is  the  sound  velocity  and  D  is  che  duct  inside  diameter.  Eelow  this 
frequency,  acoustic  noise  propagates  in  plane  waves  which  are  phase  coherent  in  planes 
normal  Co  the  duct  axis. 

Suppose  one  is  interested  in  measuring  the  wall  pressure  statistics  under  a 
turbulent  boundary  layer  (TBL),  say  formed  on  the  Inside  wall  of  the  cunnei  test 
section.  These  statistics  are  usually  determined  using  flush -mounted  hydrophones  : in 
water).  However,  the  hydrophones,  when  used  individually,  sense  both  the  T5L  noise 
and  the  tunnel  background  noise,  If  the  frequency  range  of  interest  is  less  than  £0 
(given  by  Eq .  6.3.1)  then  one  can  use  a  pair  of  hydrophones  mounted  in  a  plane 
perpendicular  to  the  test  section  axis.  The  circumferential  spacing  of  the  two 
hydrophones  must  be  large  in  comparison  to  the  spanvise  correlation  length  of  the  TEL 
wall  pressure  fluctuations.  This  correlation  length  is  typically  less  than  the  TEL 
displacement  thickness  (Uillmarth,  1975),  so  the  two  pressure  sensors  need  not  be  very 
far  apart.  With  this  arrangement,  one  subtracts  (in  real  time)  the  two  signals.  The 
TBL  contributions  (che  desired  contributions)  contained  in  the  two  signals  are 


-  catisti  -.aiiv  ir.aeDenaenc  .  ;o  the  suDtraction  aoes  little  to  the  statistics  or  tr.e 
turDuienca  signal.  .-however,  trie  background  noise  is  phase  coherent  ana  the 
uifferencng  operation  cancels  it  completely  out.  The  difference  signal  thus  contains 
snlv  TEL  information 

Lauchle  and  Daniels  i  1 9 8 7 >  successfully  used  this  background  noise  cancellation 
technique  in  the  glycerine  tunnel  of  Fig.  5.  Others  who  have  used  the  method  induce 
~'ilson,  et.al.  1979't,  Horne  and  Hansen  (1981),  and  Simpson,  ec.al.  (1987).  It  is  tc 
be  noted  that  these  iatcer  three  studies  considered  the  cancellation  of  acoustic  noise 
oniv,  while  the  former  studv  extended  the  technique  to  include  vibration- inducea 
background  noise  as  well. 

To  highlight  the  method  of  Lauchle  and  Daniels  (1987)  consider  Fig.  w9  which 
shows  a  schematic  of  a  co-planar  three-sensor  array  mounted  in  the  glycerine  tunnei. 
Signals  ait),  bit),  and  cit)  are  hydrophone  outputs  while  signals  va(.t)  througn  v-  ;  t : 
are  accelerometer  oucouts .  A  typical  hydrophone  signal  is  decomposed:  for  example. 

ait)  -  a-rit:  *  ’Ait)  +  ayt.c)  *  acit)  [6.2.2) 

Here,  one  has 

a-r(t)  -  TBL  -ail-pressure  component, 

aA(t)  -  acoustic  background  noise  caused  by  the  facility, 

ay(t)  -  vibration- induced  pressure  caused  by  the  facility, 

ag(t)  -  electronic  noise  component  from  instruments. 

There  are  two  other  equations,  identical  to  Eq .  (6.3.2)  for  b(t)  and  c(t).  At  the 
outset,  the  electronic  noise  spectrum  was  measured  with  the  facility  off.  This 
spectrum  for  ar  (or  br,  or  eg)  was  found  to  be  more  than  60  dB  below  the  spectra 
measured  with  the  facility  on:  thus,  no  further  reference  will  be  made  to  the 
electronic  noise  components. 


Figure  49.  Schematic  of  a  3-Sensor  Coplanar  Hydrophone  Array  in  a  Tunnei 
Test  Section 

Following  the  spectral  notation  of  Bendat  and  Piersol  (1986),  we  see  that  the 
autospectrum  of  a  difference  signal  is  given  by: 


'"3-b.a-D  ”  '’3-0 

-*r  <  -r  t  x-  _  «• 

-  lim  v2/70)Ei  (A_  ■  3_  <•  A..  -  3.,  1-  a.  -  3.  '; 

To  -  -  ‘ 

X  ( A-p  -  3-p  -t-  Air  -  By  +  Aa  -  BA)  }  (6.3.3) 

where  upper-case  ieccers  denote  finite  Fourier  transforms  or  the  corresponding  time 
signal.  £  (  !  is  the  expectation  operation,  and  T0  is  the  record  iengtn. 

Because  the  acoustic  components  (AA  and  BA)  are  in  phase  they  cancel  in  Eq . 
(6.3.3).  We  are  left  with 

Ca.b  -  Urn  ( 2/T0 )  E  (  ( AjX  -  3^)  (A,  -  B  ) 

~  1  1  J.  1 

T0  -  « 

+  (A^  -  B*) (Ay  -  By) 


+  (A^  -  B*) (Ay  -  By)  (6.3.4) 

+•  <  A^  -  3*)  (Ay  -  By)  I 

i.  a 

The  first  product  can  be  expanded  to  vield 

Urn  (2/T0)E(aIat  -  .Cbt  -  b£at  +  B*BT) 

To  -  ” 

The  first  and  fourth  terms  of  this  expansion  are  the  autospecca  of  the  wall-pressure 
fluctuations  at  locations  a  and  b.  respectively.  3ecause  of  axisymmetry ,  they  are 
equal.  The  middle  two  terms  of  the  expansion  are  cross  spectra  of  the  TBL  wail 
pressure  in  the  spanwise  (transverse)  direction.  These  should  be  zero  because  the 
spacing  between  a  and  b  is  of  order  D.  which  is  larger  than  the  displacement 
thickness.  Equation  (6.3.4)  reduces  to: 

GT  “  GaT  "  GbT 

“  2  Ga - b  "  2  Gav - bv '  (Ga^ - bv  ay - by) ■  (6.3.5) 


Now,  if  the  vibration  components  are  correlated  completely  over  the  circumference  of 
the  pipe,  the  second  two  terms  of  Eq .  (6.3.5)  will  be  zero  and  the  TBL  pressure 
spectrum  is  equal  to  one-half  the  auto  spectrum  of  a  difference  signal. 

Equation  (6.3.4)  is  essentially  described  by  the  simple  single- input,  single¬ 
output  model  of  Fig.  50,  The  frequency  response  function  H(f)  relates  the  pressure 
response  of  the  transducer  to  normal  acceleration.  The  broken- line  path  indicates 


-.at  the  turouient  cress'-"es  can  cause  the  tunnei  wall  to  vibrate  ana  hence  contritute 
- o  the  macninerv-inauceo  wall  vibrations  .  This  contribution  is  expected  to  oe  small 
because  cne  small-area  pressure  transducers  are  dominated  by  the  TBL  energy  at  the 
:onvective  wavenumDer  t kc  -  u>/uc}.  The  rree-oendlng  wavenumber  of  the  p'.pe  is  at 
least  an  order  of  magnitude  lower  than  kc  for  the  frequency  range  of  measurement;  tr.us 
there  is  noc  the  good  wavenumber  matching  required  for  there  to  be  a  strong  coupling 
'ecween  the  TBL  and  pipe  vibration.  Nevertheless,  the  last  term  of  Eq .  (.6.3.5^ 
describes  this  potential  coupling. 


Figure  50.  Schematic  of  a  Single  -  Input ,  S ingle -Output  Model  with 
Extraneous  Signal  at  the  Output 

In  the  absence  of  the  broken- iine  path  of  Fig.  50  one  can  infer  the  relative 
contribution  of  (Va  -  Vb)  and  (Ap  -  Bp)  to  (A  -  B)  by  measuring  a  coherent  output 
power  (COP)  spectrum  between  the  accelerometer  difference  signal  and  the  pressure 
transducer  difference  signal.  That  is.  the  COP  spectrum  is 


Gav-bv  -  Ta-b.va-vb  Ga-b 
and  the  TBL  contribution  is 


(6.3.6) 


Gap-bp  ”  1  1  •  '"a-b ,  va-vb'  G3-b 


(6.3.7) 


Here,  the  ordinary  coherence  function 

7Xy  -  1 Gxy 1  /GxGy 


(6.3.8) 


is  utilized  for  the  measured-difference  signals.  Figure  51  shows  typical  measured 
spectra  for  Ga_b  and  the  COP  spectrum.  Because  there  is  a  large  spread  between  these 
two  spectra,  except  at  one  frequency  near  340  Hz,  we  conclude  that  the  vibration 
components  in  the  difference  signal  is  very  weak  and  that  (ap  -  bp)  dominates  (a-b); 
Eq .  (6.3.5)  reduces  co 

gT  *  2  Ga-b 


(6.3.9) 
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Spectrum  or  a(t)-b(t)  and  the  Coherent  Output  Power  Spectri 
Between  a(t)-b(c)  and  va ( t )  -  vv, <,  c) 


Figure  <*9  shows  a  third  hydrophone  and  difference  signal  between  it  and 
Without  showing  the  details  (Lauchle  and  Daniels.  1987)  it  also  follows  chat 
spectrum  is  equal  to  the  cross  spectrum  between  two  difference  signals,  i.e., 


gT  “  Ga-b,a-< 


I  r 

7  Ga-b 


(6.3.10) 


A  verification  of  this  is  shown  in  Fig.  52  where  it  is  clearly  seen  that 
Ga-b ■ a-c  and  Ga-b  are  separated  by  3  dB  which  is  what  Eq.  (6.3.10)  predicts. 
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Figure  52.  Spectrum  of  a(c)-b(t)  Compared  to  the  Cross-Spectrum  Between 
a(c) -b( t)  and  a(t)-c(t) 


The  nvdroonone  aifferencmc  technique  aescribed  above  nas  enaDled  us  to  measure 
the  TEL  Dome  speccr'aa  in  glycerine  <  C  3  Hg  0  3 ")  pipe  flow.  A  summary  of  the  resuits 
are  snown  in  fig.  si-  The  spectrum  level  is  normalized  on  mean  flow  veiocitv 

U)  ,  -ail  shear  stress  iru)  and  inside  diameter  ID).  The  frequency  is 

2 

normalized  on  the  viscous  time  scale  (v/u^) .  The  importance  of  these  data,  which 

cover  a  pipe  Revnoids  number  range  of  10,000  to  26,500,  lies  in  the  value  of 
transducer  diamecer  id)  relative  to  the  viscous  sublayer  thickness.  The  suolaver 
approacnes  1  mm  in  this  unique  facility  so  it  is  a  fairly  easy  matter  of  achieving 
values  of  d"’’  -  uTd/i /  of  order  one.  It  is  agreed  that  d+  =*  i.O  for  a  measurement  to  be 
absent  of  transducer  spatial  averaging  effects.  The  spectrum  of  Fig.  53  is  not  oniv 
void  of  transducer  spatial  averaging  effects,  but  is  also  void  of  tunnei  background 
noise . 


f+=fv/u2 

T 

Figure  53.  Normalized  Wall  Pressure  Fluctuation  Spectra  Measured  Under 
Fully-Developed  Turbulent  Pipe  Flow  (d+-900  is  in  Water. 
d+-100  is  in  Air,  and  d+=*1.0  is  in  Glycerine) 


A  High  Reynolds  Number  £ump  (HIREP)  has  been  specifically  designed  to  investigate 
high  Reynolds  number  flow  associated  with  internal  flows  of  fluid  handling  machinery. 
The  facility  shown  in  Fig.  54  consists  of  a  1.07-ra  diameter  pump  stage  driven  by  a 
1.22-m  diamecer  downstream  turbine.  The  two  units  rotate  on  a  common  shaft  and 
operate  in  the  1.22-m  diameter  test  section  of  the  Garfield  Thomas  Water  Tunnel. 

The  facility  was  designed  to  make  measurements  to  quantify  the  effects  of  rotor 
tip/end-wail  clearance  and  rotor  blade  geometry  on  hydrodynamic  loads,  rotor 


Figure  54.  Schematic  of  HIREP  Facility. 

efficiency,  cavitation,  blade  boundary  layers  and  wakes,  rotor  dynamic  response,  and 
rotor-stator  interactions.  The  flow  coefficient  of  the  pump  is  variable  by  adjusting 
Che  pitch  of  the  turbine  inlet  guide  vanes  which  are  continuously  variable.  The 
operation  of  the  pump/ turbine  is  remarkably  stable  for  an  inlet  velocity  of  1.5  to  15 
ra/s  with  rotational  speeds  of  40-400  rpms .  This  range  corresponds  to  a  blade  chord 
Revnolda  number  at  the  rotor  tip  of  one-half  million  to  six  million. 

The  facility  was  designed  to  accommodate  laser  velocimetry  measurements  rn  the 
pump  stage,  radiallv  traversing  five-hole  probes  in  every  stage,  a  number  of  steaov 
and  unsteady  pressure  transducers  in  the  rotating  frame  of  reference,  force  and  torque 
cells,  and  accelerometers.  In  addition,  several  advanced  instrumentation  systems  tor 
blade  static  pressure  measurements,  downstream  stator  blade  unsteady  pressure 
measurements,  rotor- tip/end-wall  gap  measurement  and  cavitation  viewing  were 
developed. 

A  photograph  of  the  facility  installed  in  the  test  section  is  given  in  Fig.  :5. 
Details  of  the  hydrodynamic  and  mechanical  design,  and  the  operating  characteristics 
are  discussed  by  Farrell,  McBride  and  Billet  (1987). 

7.2  Instrumentation /Measurement  System 

The  facility  contains  provisions  for  a  wide  range  of  fluid  dynamics  measurements 
and  methods.  A  120-channel,  low  noise  slip-ring  unit  accommodates  many  measurements 
in  the  rotating  frame.  The  large,  hollow  chamber  in  the  rotor  hub  houses  an  assembly 
of  insulation  displacement  connectors  which  form  the  termination  of  the  leads  exiting 


Figure  55.  Photograph  of  HIREP  Facility  in  the  Test  Section  of  the 
1.22-m  Water  Tunnel. 

he  rotating  end  of  the  slip  ring  unit  as  shown  in  Fig.  56.  From  this  termination, 
our  ribbon  cables  with  high  flexing  capability  carry  signals  to  the  rotating  end  of 


Figure  56.  Rotor  Hub  Showing  Instrumentation  CaDabi 1 i t ies . 


;ne  ctrive  snafc.  F.ibbon  caoles  form  tne  connection  oetween  tne  scac.onarv  end  ot  -he 
slip-ring  unit  and  the  data  rack  and  power  sources  oucside  of  the  facility.  The 
signals  from  the  transducers  are  sampled  and  processed  througn  an  extensive  aata 
anaivsis  and  reduction  system  consisting  of  the  dri-i..g  software  program,  a  low  pass 
filter,  an  integrating  voltmeter,  a  multiplexer,  and  a  VAX  computer  system.  n 
schematic  of  the  instrumentation  block  diagram  for  the  performance  test  is  shown  in 


r 
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Figure  57.  Instrumentation  Block  Diagram. 


7.2.1  Velocity  and  Pressure  Measurement 

Five-hole  probes  can  be  located  at  the  inlet  and  exit  of  the  rotor,  at  the  inlet 
of  the  turbine  inlet  guide  vanes,  and  at  the  turbine  exit.  A  pitot-static  probe  can 
be  placed  upstream  of  the  rotor  inlet  guide  vanes  where  the  nose  and  liner  are 
parallel  and  is  used  to  calculate  an  axial  velocity  through  the  pump.  A  total 
pressure  probe  in  the  nozzle  upstream  of  the  test  section  and  the  static  pressure  port 
in  the  liner  can  also  used  to  determine  the  axial  velocity  through  the  pump.  This 
measurement  is  used  as  the  reference  axial  velocity  and  for  data  normalization.  The 
tunnel  pressure  control  system  is  connected  to  the  static  pressure  port.  The 
hydraulic  lines  connect  to  a  bank  of  differential  pressure  transducers  located  at  a 
height  equal  to  that  of  the  water  tunnel  centerline. 

The  standard  viewing  window  adjacent  to  the  rotor  is  replaced  by  an  optical 
window  suitable  for  laser  measurements  of  the  rotor  inlet,  exit,  tip-gap,  and  passage 
flows.  A  three -component  backscatter  system  with  a  5-watt  laser  is  utilized  for  make 


3t  these  measurements .  The  optics/laser  pacxaee  is  positioneo  bv  a  three-axis 
traversing  mechanism.  A  field  ooint  veiocicv  measurement  tecnnique  discussed  bv 
Billet  (1987)  is  used  that  incorporates  the  instantaneous  laser  aata  vich  an  optical 
shaft  encoder  signal.  An  incremental  optical  encoder  is  located  on  the  downstream  er.o 
of  the  shaft.  In  this  svstem  an  angular  position  is  associated  with  each 
instantaneous  velocity  measured  at  a  point.  A  computer  then  processes  this  digital 
information. 

7.2.2  Force  and  Toroue  Measurement 

Forces  and  torque  are  measured  on  individual  rotor  blades  and  drive  shaft, 
respectively.  The  rocor  blade  force  is  measured  by  two  two-component  shear  beams 
which  are  mounted  in  the  base  and  extend  radially  outward  to  support  the  lower  portion 
of  the  blade  span.  On  another  blade,  the  outer  ten  percent  of  the  blade  span  is 
instrumented  with  a  two-component  force  balance  to  measure  the  normal  and  chordwise 
forces.  Finailv.  the  inner  diameter  of  the  drive  shaft  is  strain  gaged  to  measure 
torque.  The  excitation  voltages  for  the  strain  gages  are  reraotelv  sensed  to  correct 
for  line  loss. 

7.2.3  Blade  Pressure  Measurement 

Several  pressure  transducers  are  located  in  the  rotor  blade  tip  region,  in  the 
wall  liner  and  in  some  cases  on  a  downstream  stator  blade.  For  the  transducers  that 
were  mounted  on  the  rotor  blade,  the  transducer  leads  are  channeled  through  milled 
slots  on  the  surface  to  a  center  hole  which  is  drilled  through  the  pressure  and 
suction  surfaces  to  a  center  cavity.  The  leads  are  then  soldered  to  a  small  printed 
circuit  board  and  ribbon  cable  is  connected  to  this  board.  The  transducers  are 
mounted  beneath  a  Helmholtz  cavity  to  protect  the  diaphragm  from  high,  localized 
pressures  caused,  for  example,  by  the  collapse  of  cavitation  bubbles.  During  the 
assembly  of  the  instrumented  blade,  petroleum  jelly  was  placed  into  the  cavity  so  that 
no  trapped  air  would  be  present  in  the  cavity. 

7.2.4  Dynamic  Rotor-Tip/End-Wall  Measurement 

A  dynamic  measuring  system  is  available  to  measure  the  rotor- tip/end-wall  gap.  A 
variable  impedance  transducer  is  placed  in  the  wall  liner  surrounding  the  rotor  such 
chat  the  face  of  the  transducer  is  flush  with  the  inner  diameter  of  the  liner.  The 
impedance  variation  is  caused  by  the  occurrence  of  eddy  currents  in  the  conductive, 
metallic  rotor  tip.  The  coupling  between  the  coil  in  the  sensor  and  the  rotor  tip  is 
dependent  upon  their  relative  displacement.  Thus,  the  gap  of  any  particular  blade  can 
be  measured  by  sampling  the  signal  from  the  transducer  during  the  appropriate  angular 
positions  of  the  rotor  as  triggered  by  a  conditioned  signal  from  the  shaft  encoder. 
These  data  are  processed  through  an  A/D  data  acquisition  system.  Then  software 
analyzes  these  data  to  determine  the  minimum  voltage  which  occurs  when  the  blade-tip 


■_s  direcciv  over  the  too  of  the  sensor  race.  This  voltage  is  directiv  related  to  tr.e 
gap. 


’.2.5  Cavitation  Intention  Measurement 

Cavitation  inception  cannot  be  viewed  by  the  naiced  eye  even  with  the  aid  of 
stroboscopic  lighting  due  to  the  low  rpra  of  the  high  Reynolds  number  pump.  Thus,  a 
low-rpm  video  viewing  system  is  used.  The  low-rpm  video  viewing  system  captures  a 
stroboscopicailv  illuminated  image  and  maintains  a  display  of  this  image  on  a  TV 
monitor  until  the  next  image  has  been  digitized  and  placed  in  memory. 

8.0  SUMMARY 

A  description  of  several  important  techniques  used  in  the  measurement  of  steaov 
and  time-dependent  fluid  dvnamics  quantities  in  high-Revnolds  number  liquid  flows  has 
been  given  in  this  Chapter.  Our  emphasis  has  been  on  the  measurement  of 
hvdrodvnamicallv - induced  force,  velocity,  stress,  and  acoustic  noise  in  both  single 
and  multi-phaseo  liquid  flow  situations.  Because  water  tunnels  are  commoniv  used  to 
address  high-Revnolds  number  liquid  flows,  and  because  they  offer  an  extremely  stable 
and  time  -  invariant  environment  in  which  to  conduct  basic  and  applied  fluid  dynamics 
research,  we  have  emphasized  their  use  in  making  these  measurements. 

A  brief  introduction  to  the  construction  and  operation  of  the  typical  water 
tunnel  was  given.  Of  particular  importance  is  the  experimenter's  ability  to  maintain 
constant  values  of  free-scream  velocity  and  ambient  pressure.  Also,  with  appropriate 
sub-systems,  the  water  (or  other  liquid)  temperature  and  quality  (free  and  dissolved 
gas  content  and  particulate  matter)  can  be  controlled.  Temperature  control  is 
particularly  important  if  one  wishes  to  raise  (or  lower)  the  unit  Reynolds  number 
range  of  the  facility.  Turbulence  in  the  test  section  can  also  be  controlled  by 
placing  the  appropriate  screens  and  honeycomb  far  upstream  in  the  tunnel  settling 
section.  If  was  pointed  ouc  that  the  control  of  acoustic  background  noise  in  water 
tunnels  is  quite  difficult,  but  that  the  elimination  of  all  sources  of  facility¬ 
generated  cavitation  is  the  first  most  important  step  to  effective  noise  control. 

Body  force  and  moment  measurements  are  routinely  conducted  at  high  Reynolds 
numbers  in  water  tunnels  and  towing  tanks.  The  sensors  used  in  such  tests  are  usually 
strain-gaged  balance  devices.  We  emphasized  that  when  large  bodies  (relative  to  the 
test  section  diameter)  are  tested,  spurious  forces  and  moments  can  be  created  bv 
blockage  effects  and  by  horizontal  buoyancy  (viscous)  effects.  Methods  to  account  for 
these  problems  were  discussed. 

There  are  many  problems  associated  with  making  detailed  measurements  in  laminar 
and  turbulent  liquid  boundary  layers  at  high  speed.  One  of  the  more  serious  of  these 
problems  is  the  very  smail  size  of  the  inner  scales  of  the  turbulent  boundary  layers. 
Optical  techniques,  such  as  Laser  Doppler  Velocimetry  (LDV),  or  techniques  which 
employ  surface  measurement  devices,  such  as  flush-mounted  hot  film  probes  have 
proven  most  effective.  Often,  however,  the  spatial  scales  of  the  measurement  devices 


ire  so  iaree  chat  significant  averaging  oi  the  results  ts  unavoioabie .  -n  aaaiticr. . 
r.e  verv  near-wail  regions  oi  a  turDuienc  oounoarv  raver  are  otten  not  accessible 
to  measurement.  Thus,  while  water  tunneis  are  the  proper  choice  tor  the  study  oi 
phenomena  associated  mainiv  with  high  Revnoids  nuraoer  liquid  f*ows.  such  as  many  crac 
reduction  mecnanisn.s .  they  are  generally  not  the  proper  choice  tor  fundamental  studies 
of  the  curbulenc  boundary  layer. 

Measurements  in  muitipnased  flows  are  difficult  to  generalize  since  eacn  given 
flow  situation  usually  requires  a  unique  measurement  technique .  One  of  the  most  wideiv 
used  techniques,  however,  is  some  form  of  flow  visualization.  This  includes  the  use  or 
tufts,  oil  paint  films,  injected  dves ,  bubble  tracking,  Schlieren  photography,  -icht 
scattering  techniques,  and  holographic  photography.  The  use  of  some  of  these  methods 
in  cavitation  research  was  discussed  with  emphasis  on  the  measurement  of  bubble 
distributions  using  scattered  laser  iight,  and  on  the  measurement  of  cavitation  bubble 
dynamics  using  holography. 

Flow- induced  acouscic  noise  can  be  measured  in  some  water  tunneis  using 
reveroeration  room  acoustic  measurement  techniques  or  special  iacnniaues  developed  :sr 
the  specific  tunnei  and  tunnel  test.  The  methods  usually  involve  the  use  of  single 
hydrophones  or  arrays  of  hydrophones.  Hydrophone  directivity  is  important  because  it 
can  be  used  to  improve  the  s ignal - to -noise  ratio;  the  more  directive  is  the  receiver, 
che  more  it  can  be  used  to  discriminate  the  desired  source  of  noise  from  the 
background  sources  of  noise.  We  presented  a  discussion  on  the  calibration  and  use  of  a 
ref lector- type  hydrophone  in  radiated  noise  measurements.  A  non- intrusive  method  of 
making  acoustic  measurements  in  a  water  tunnel  (or  any  other  closed  flow  facility; 
based  on  the  theory  of  acoustic  reciprocity  was  also  presented.  The  method  is  quite 
new  and  provides  the  hydroacoustics  experimenter  a  method  whereby  the  source  strength 
of  an  acoustic  source  can  be  measured  directly.  Wall  pressure  fluctuations  under 
turbulent  boundarv  layers  is  a  subject  of  importance,  but  many  measurements  are 
inaccurate  because  of  transducer  spatial  averaging  problems,  facility  background  noise 
(particularly  at  low  frequencies),  and  the  paramount  difficulties  of  implementing  wide 
area  transducer  arrays  for  mapping  the  space/time  statistics  of  these  pressure 
fluctuations.  The  issues  of  background  noise  and  transducer  resolution  were  described 
in  detail  with  a  specific  measurement  example  given  to  verify  that  both  problems  can 
be  eliminated.  This  example  used  a  passive  background  noise  cancellation  technique 
together  with  sub-miniature  pressure  transducers  under  a  glycerine  turbulent  boundary 
layer. 

The  measurement  of  cavitation  inception,  cavitation  noise,  local  pressure  and 
velocity  fields,  and  body  (surface)  forces  and  moments  within  complex  liquid  handling 
turbomachines  under  realistic  high-Reynolds  number  operation  is  an  extremely  difficult 
undertaking.  In  this  Chapter  we  have  described  one  way  of  approaching  this  important 
problem.  The  method  virtually  models  an  axial-flow  turbomachine  outer  casing  by  a 
water  tunnel  test  section.  The  viewing  windows  in  the  test  section  permit  almost  total 
visual  access  to  the  internal  hydrodynamics  of  the  turbomachine;  thus,  flow 


"isuanzation .  conventional  LEV.  jr.Q  specialized  internal  prooing  can  De  acnieveo.  T'.,e 
ievnoias  numoer  range  of  sucn  experiments  can  De  verv  large  11  large  tunnels  couoiea 
with  high-speec  operation  are  used. 
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